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ABSTRACT OF DISSERTATION

INVESTIGATION INTO THE PRESENCE, PERSISTENCE, AND FATE OF S.
AUREUS, AND ITS MOBILE GENETIC ELEMENTS, IN WASTEWATER AND THE
SURROUNDING ENVIRONMENT
Currently, the world is engaged in a battle against very small parts of our
environment that develop and share genes for resistance to multiple environmental
conditions. Pathogenic infections caused by antibiotic-resistant bacteria have been
impacting animal and human health and life. Increasing incidences of methicillin- resistant
Staphylococcus aureus (MRSA) infections transmitted through the environment are rising
faster than the discovery of new antibiotics. Multi-drug resistant S. aureus infections in
healthy individuals without prior hospitalization have been increasing all around the world.
Many people carry S. aureus in their nose and on their skin, common niches for the
bacteria to co-grow with other staphylococci, like S. epidermidis. These bacteria are carried
into the environment in wastes, where they can spread and interact with other lifeforms.
This highlights the need for more understanding of the possible sources, fate, and potential
interactions of S. aureus in the environment in order to manage related risks. Although,
many investigations have been conducted on S. aureus infections in clinical settings, only
a limited number of studies have focused on this organism in the environment.
Understanding S. aureus prevalence, presence, and evolution in water systems could be a
potential step for controlling possible future disease impacts.
Wastewater treatment plants have been suspected as one of the potential sources
for spreading S. aureus in the environment. A rise in antimicrobial resistance genes in
bacteria in urban water systems downstream of wastewater treatment plants has been
documented. However, comprehensive studies required to understand the mechanisms and
factors used by this opportunistic pathogen to survive and spread beyond its normal niche
on skin into the environment. This is partly due to a lack of methods that can isolate S.
aureus from other microorganisms in complex environmental samples, and a tendency to
use only limited genetic information.
The current study created a better enrichment and isolation method and assessed
the prevalence and fate of S. aureus in engineered wastewater systems, and in streams
receiving the waste. The types, characteristics, virulence factors, and mobile genetic
elements of S. aureus were investigated in sewage and in sediment samples from an urban

creek. In addition, the presence and types of metal and antibiotic-resistant genes were
studied and compared with reference clinical isolates of S. aureus. Our results suggest the
use of an intermediate bacterium as one possible transmission route that S. aureus has to
impact the resistance status of other environmental microorganisms in natural waters.
Genes from S. aureus were found in another species of staphylococci bacteria that survived
treatment and carried these into the creek. In light of finding this route of transmission,
multiple recommendations for treatment system upgrades were considered to break the
bridge for transferring resistant genes between bacteria in wastewater treatment plants and
those in the natural environment.
KEYWORDS: MRSA, Mobile Genetic Elements, Wastewater, Whole Genomic
Sequencing
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CHAPTER 1. INTRODUCTION
The rapid spread of antibiotic-resistant bacteria in the environment beyond the clinical
settings is causing alarm all around the world. Annually, more than 2.8 million infections
happen due to antibiotic-resistant bacteria in the United States. Among this number, more
than 35,000 cases resulted in death last year (Centers for Disease Control and Prevention
2019). The proposed pathway for the evolution of antibiotic-resistant bacteria in the
environment is thought to start from human and animal bodies when pathogens and
antibiotics are released from their wastes into wastewater systems. In sewage treatment
plants, these released bacteria are exposed to other antimicrobial elements and new
antibiotics from different sources than those they originated from. To adapt and respond to
these new environmental conditions and stresses, bacteria exchange their genetic
information with other microorganisms, especially in microbially dense processes like the
activated sludge process. In the activated sludge process, bacteria are in close contact to
each other, and with bacterial viruses that can serve as vectors for genetic exchange. The
purpose of exchanging genetic materials is to enhance the survival of bacteria in different
concentration of metals, antibiotics, and antimicrobial agents.
Among the different antibiotic-resistant microorganisms present in our environments,
Staphylococcus aureus is one of the most concerning of the opportunistic pathogens. In
2017, 120,000 cases of bloodstream infections were reported due to S. aureus colonization
and 20,000 related deaths were recorded in the United States (Kourtis et al. 2019). The
growing incidence of S. aureus infections was reported in the 1940s. During that time,
penicillin was used as the major antibiotic to treat S. aureus infections. However, S. aureus
developed resistance mechanisms against penicillin in a very short period of time. The
1

application of methicillin to overcome penicillin-resistant S. aureus infections was started
in 1959. However, this opportunistic pathogen evolved the mecA antibiotic-resistant gene,
and went on to cause many cases of methicillin-resistant S. aureus (MRSA) infections in
the United Kingdom in 1961 (Enright et al. 2000; Enright et al. 2002).
MRSA infections have been considered to have a major infectious transmission route
in the hospital environment for at least four decades. However, the transmission of this
opportunistic pathogen is not now limited to clinical settings. In addition to hospitalacquired MRSA (HA-MRSA) infections, community-acquired MRSA (CA-MRSA)
infections were recorded in healthy individuals without any hospitalization background in
the late 1990s. Based on a estimation conducted in 2014, the economic burden imposed by
CA-MRSA in the United States is variable. For the third-party payers, the burden was
estimated to be between $US475 million - 2.2 billion, and for all of society, it is thought to
fluctuate between $US1.4 billion - 13.8 billion (Lee et al. 2013).
S. aureus is a common inhabitant of the nasal microbiome and can be found on human
skin. However, acquiring metal and antibiotic-resistant genes, and other virulence factors
assist it to be an opportunistic pathogen that can adapt quickly to new environmental
conditions. With the ability to adapt and evolve using mobile genetic elements, it has been
able to survive longer and spread further. Outbreaks of infections caused by CA-MRSA
happen in highly populated areas such as dorms, schools, prisons, and gyms. In these areas,
a contaminated surface can be a vector to transfer the bacteria to healthy individuals and
cause infections. Based on the mix of acquired mobile genetic elements, and the overall
health condition of the infected individual, the levels of infections are variable. An
infection could cause a skin and soft tissue syndrome, necrotizing pneumonia, or
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potentially fatal staphylococcal toxic shock syndrome (Bassetti et al. 2009; Miller and
Kaplan 2009).
Obtaining a well-founded risk assessment related to the presence and fate of CAMRSA in the environment would be a robust foundation to address controlling the spread
and outbreaks of this pathogen in the community. After expansive research in clinical
settings, hospital and municipal wastewaters were investigated for the presence of S.
aureus in multiple studies (Börjesson et al. 2010; Börjesson et al. 2009; Goldstein et al.
2012; Naquin et al. 2014; Schwartz et al. 2003). Their investigations demonstrated the
presence of viable S. aureus, the antibiotic-resistant gene (mecA), and viable MRSA in
samples collected from different sections of the treatment scheme. Also, they presented
evidence related to the conditions in the wastewater treatment plants (WWTPs) that can
increase bacterial evolution and pathogenicity by enhancing bacteria’s ability to acquire
more resistant genes by the end of the treatment processes.
These researchers introduced WWTPs as potential sources for spreading S. aureus in
the environment. Also, they suggested that more investigations to study the health concerns
of engineered systems for workers at sewage treatment plants were needed. In addition,
they noted that assessing the fate of S. aureus and MRSA is required to identify related
risks of engineered systems after releasing their treated effluent into receiving creeks,
streams, rivers, and lakes.
In this study, the presence, prevalence, types, genetic elements, and fate of pathogenic
S. aureus, and other related staphylococci were investigated in sewage samples obtained
from two local WWTPs in Lexington, Kentucky, with two different types of development
feeding into their influents. Also, the presence of S. aureus, MRSA, and other related
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bacteria was studied in fully treated effluent and sediment samples in receiving creek to
determine the potential role of WWTPs in spreading S. aureus, or genetic materials from
this bacteria, into the environment. Additionally, genetic analysis was conducted on the
results from whole genomic sequencing to identify the carriage and sharing of different
metal and antibiotic-resistant genes in environmental S. aureus, other related
staphylococci, and enterococci.

4

CHAPTER 2. PROBLEM (RESEARCH QUESTION)
2.1

Hypothesis 1
Wastewater treatment plants with different sewersheds, urban versus suburban, will

have differences in the prevalence and types of MRSA due to differences in the numbers
of hospitals and high-density dwellings that feed into their sewersheds.
My objective is to identify WWTPs with sewersheds that could be expected to have
differences in the types of sewage sources feeding into them, particularly with respect
to the presence of hospitals and multiunit dwellings, to identify the presence and the
prevalence of S. aureus.
To test the hypothesis and complete the objective, I set several tasks:
Task 1) Select WWTPs with different sewersheds and determine sampling locations
in WWTPs. This task will be discussed in section 4.1.
Task 2) Develop a new method to provide a clean isolated colony clone of S. aureus
from complex samples of sewage without any co-growth of common co-flora like
Staphylococcus epidermidis. Sewage samples are very complex and contain various grampositive and gram-negative bacteria. Some of them share genes with S. aureus. Therefore,
environmental methods need to be developed to isolate our target bacteria (S. aureus). This
task will be discussed in sections 4.2.1 to 4.4.
Task 3) Apply the developed method to identify the presence and persistence of S.
aureus in different sewage samples at different points in the treatment process from two
WWTPs in Lexington, Kentucky. This task will be discussed in sections 5.1.1 and 5.1.2.
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Task 4) Compare isolated S. aureus colonies from the two WWTPs and identify their
types and virulence genes from the results of whole genomic sequencing. This task will be
discussed in sections 5.1.3 to 5.1.4.
2.2

Hypothesis 2
S. aureus bacteria contained in wastewater treatment plants effluent and overflows

are potential sources of resistance genes for bacteria in the receiving stream environment.
My objective is to demonstrate the presence and prevalence of S. aureus in treated
sewage and sediment samples and find genes in other bacteria in order to investigate
the survival of S. aureus resistance genes in the environment.
To answer this research question and the objective, I set several tasks:
Task 1) Select appropriate sampling locations in a local stream, downstream and
upstream of a wastewater treatment plant that has demonstrated S. aureus presence. This
task will be discussed in section 4.1.
Task 2) Develop a method to isolate S. aureus from sediment samples in streams.
Sediment samples are complex samples. Different microorganisms can attach to the
biofilm on the surface of sediments and grow. Biofilm can serve as a nutrient source.
Therefore, developing an appropriate method to suppress different gram-positive and
gram-negative bacteria, as well as fungal growth, is important to isolate S. aureus. This
task will be discussed in sections 4.2.2 to 4.4.
Task 3) Apply the developed method for stream sediments near the discharge point
of the wastewater treatment plant’s effluent, and at points where sewage leaks are
suspected, to determine the presence and prevalence of S. aureus in the receiving stream
environment. This task will be discussed in section 5.2 in detail.
6

Task 4) Identify the types of isolates in the sediments and their resistant genes. This
task will be discussed in sections 5.2 to 5.3 in detail.
Task 5) Compare sediment isolates with sewage isolates to identify the role of
wastewater treatment plants in spreading S. aureus resistance genes into the environment.
This task will be discussed in sections 5.3 to 5.7 in detail.

7

CHAPTER 3. LITERATURE REVIEW
Staphylococcus is the name of the group of gram-positive and round shape (cocci)
bacteria. Bacteria in the staphylococcus group are facultative bacteria since they have the
capability to grow under aerobic and anaerobic conditions. Staphylococcus consists of
more than 40 species. These species form two main groups based on their ability to cause
clots in blood by producing the coagulase enzyme. The coagulase-positive staphylococcus
(CoPS) and the coagulase negative staphylococcus (CoNS) are two main groups based on
the coagulase assay. The CoPS consists of seven species. S. aureus is the main
opportunistic pathogen in this group, causing numerous hospital and community acquired
infections. Three other species in the CoPS are S. delphini, S. pseudintermedius, S.
intermedius and they belong to a staphylococcus intermedius group (SIG) and mostly,
cause infections in animals (Lainhart et al. 2018). The other three species are S. hyicus, S.
lutrae, S. schleiferi. Of these seven species, S. aureus and S. delphini will be discussed in
more detail in this chapter. The CoNS group has more diversity in species. Their vast
colonization in water and wastewater systems with antibiotic resistant genes was reported
by Faria and his group in 2009 (Faria et al. 2009). Belonging to the CoNS bacteria group,
S. epidermidis and S. warneri will be discussed further in this chapter.
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3.1

Staphylococcus aureus
S. aureus is a gram-positive, catalase 1 positive, oxidase 2 negative, coagulase 3

positive round-shape (cocci) bacteria belonging to the staphylococcus group (Harris et al.
2002). Among staphylococci, S. aureus is the most invasive species and notorious for
serious human and animal infections. It is a common bacterium found on the skin and in
the upper respiratory tracts of humans. This opportunistic pathogen has the capacity to
rapidly adapt to different environmental conditions in the presence of different
antimicrobial elements by acquiring various resistant genes. Its rapid adaptation is faster
than humans’ ability to introduce new antibiotics to control S. aureus infections. The key
for its rapid adaptation is the use of mobile genetic elements (MGEs) that are responsible
for transferring genetic materials and information between bacteria (Lowy 1998). Different
MGEs will be explained in the following sections.
Important Characteristics and Factors in S. aureus
Many investigations on S. aureus have been conducted by various researchers all
around the world. Most of these studies were conducted on S. aureus in clinical settings.
Each of them focused on different elements in S. aureus to identify the most important
elements which enable it to cause invasive infections and show resistance to various
treatments. Despite many clinical studies related to S. aureus infections, limited studies

1 Catalase is an enzyme in bacteria that can break hydrogen peroxide into water and oxygen. The production
of oxygen bubbles after adding hydrogen peroxide means that the bacteria produces catalase.
2 The enzyme cytochrome C oxidase is utilized by bacteria in the bacterial electron transport chain. This
enzyme oxidizes the added reagent and produces a purple color by producing indophenols as an end-product.
S. aureus does not have this enzyme. Therefore, no color changes happen after adding the reagent.
3 Coagulase differentiates between different types of staphylococcus isolates. S. aureus uses this enzyme to
convert fibrinogen to fibrine.
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have focused on environmental S. aureus. Identification of resistance elements, which
allow S. aureus to survive in different environments, are key to control its fate in our
environment. Therefore, the following sections will provide information about different
elements involved in resistance strategies used by S. aureus to survive and spread in the
environment.
3.1.1.1

Mobile Genetic Elements (MGEs)

The genome of S. aureus includes two parts: the core and accessory genomes. The
core genome is characterized by clonal complexes (CCs) and sequence types (STs) that
will be explained later. All required survival functions of the cell are encoded by genes in
the core genome section including metabolism, replication, and synthesis of DNA and
RNA. The accessory genome (the extrachromosomal part) is very variable and contains a
wide range of resistant and virulent elements acquired from other bacteria for adjusting and
adapting to new environments and enhancing their fitness and survival. MGEs are extra
DNA elements that encode these virulence determinants, and they are transferred and
shared between bacteria by horizontal gene transfer (HGT) (Haaber et al. 2017; Malachowa
et al. 2010).
The MGEs of S. aureus include transposons, bacteriophages (phages),
pathogenicity islands, plasmids, insertion sequences, integrative conjugative elements
(ICEs), integrons, and staphylococcal cassette chromosomes (SCCs) (Haaber et al. 2017;
Malachowa et al. 2010). Among these elements, the SCCs are of the major interest when
determining the antibiotic resistance of S. aureus isolated from the environment and for
classification as methicillin-resistant S. aureus (MRSA) or methicillin-susceptible S.
aureus (MSSA).
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3.1.1.2

Staphylococcal Cassette Chromosomes

SCCs are genomic islands and a type of MGE located close to the origin of
replication and attached to the orfX genes of S. aureus. Their resistant mechanisms are
adapted by inserting foreign genes into the chromosomal DNA of S. aureus to enhance
bacterial survival in stressful environments. They encode various antibiotic resistance
genes and virulence factors which are widely shared with other CoNS, like S. epidermidis.
The distinction between MSSA and MRSA is the methicillin resistance gene, mecA. This
gene when present in MRSA strains is integrated into the SCCmec island and causes
resistance to methicillin by producing low-affinity penicillin-binding protein (PBP2a),
which interrupts the attachment of methicillin to the bacteria (Baba et al. 2002).
Different types of SCCmec are classified based on different types of the ccr gene
complex and the mec gene complex in SCCmec island. Five types of ccr gene complex
have been reported by considering different combinations of the ccrA, ccrB, and ccrC
genes. The ccr complex integrates SCCmec into the specific site of the genome of S. aureus
(Funaki et al. 2019). Also, four types of the mec gene complex, type A, B, C1, and C2,
have been identified with the combination of three genes in this complex including: mecA,
mecR1(transmembrane β-lactam signal transducer), and mecI (repressor gene 1). Thus far,
eight SCCmec types have been discovered for S. aureus with different combinations of the
ccr complex and the mec complex as shown in Table 3.1.

1 Repressor gene binds to DNA or RNA and acts as inhibitory element which blocks the attachment of
RNA polymerase. In this way, it inhibits transcription of the genes into messenger RNA.
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Table 3.1 Different Types of the SCCmec in S. aureus (Reproduced from(Elements 2009))
SCCmec Type ccr Gene Complex
mec Gene Complex
Size (kbp)
I
1
B
34.3
II
2
A
53
III
3
A
66.9
IV
2
B
20.9 -24.3
V
5
C2
28
VI
4
B
24
VII
5
C1
41.3
VIII
4
A
32
By considering the sizes of SCCmec in Table 3.1, it is clear that SCCmec IV and V
are smaller than SCCmec I, II and III. The reason could be related to the presence of metaland drug-resistant genes in addition to the β-lactams gene in SCCmec I, II, and III. Larger
size SCCmec types I to III have been detected mainly in hospital-acquired MRSA strains
(Chadwick et al. 2013). In contrast, CA-MRSA isolates have SCCmec IV, V, VI, VII
(Funaki et al. 2019). USA300 and most community-acquired MRSA isolates contain
SCCmec IV. So far, five types of SCCmec IV have been identified (IVa, IVb, IVc, IVd,
and IVh), and among them, SCCmec IVa and IVb are related to the widely circulating
USA300-0114 and USA300 strains, respectively (Funaki et al. 2019; Reyes et al. 2009).

3.1.1.3

Penicillin Binding Protein 2a

In the S. aureus structure, there are integral membrane proteins named penicillin
binding proteins (PBPs). These proteins regulate cell wall biosynthesis. In addition, their
enzymatic functions catalyze intermediate reactions for biosynthesizing peptidoglycan in
the cell wall. These essential components in the cell wall maintain the shape and integrity
of the cells forming a strong and elastic structure that protects the interior of the cell from
the external environment. Therefore, they are essential proteins for bacterial growth and
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survival and β-lactam antibiotics target these proteins to prevent bacteria from growing and
replicating. There are four native types of PBPs in S. aureus which are attached to the
cytoplasmic membrane as shown in Table 3.2 (Chambers 1999; Henze et al. 1995).

Table 3.2 Penicillin Binding Proteins in S. aureus
Type of PBPs
Molecular
Classification
Main Function
in S. aureus
Weight
PBP1
85,000
High-molecular weight
Essential for growth
PBP2
81,000
and survival
PBP3
75,000
PBP4
45,000
Low-molecular weight
Cell wall synthesis

In addition to four native types, another type of PBP (PBP2a) is associated with
MRSA and it is encoded by the mecA gene (Georgopapadakou et al. 1986; Henze et al.
1995; Navratna et al. 2010). PBP2a is initiated from the PBP2 and causes resistance in S.
aureus, which means β-lactam antibiotics cannot be effective for preventing S. aureus
growth.
Inactivation of the active site of PBP2a is the key mechanism of S. aureus survival
in the presence of antibiotics. This is due to a point mutation, which changes the active site
of the protein for binding to antibiotics (Fuda et al. 2004; Łęski and Tomasz 2005).

3.1.1.4

Panton-Valentine Leucocidin (pvl gene)

The Panton-Valentine Leucocidin (PVL) is a pore-forming, bicomponent,
leukocidal toxin in S. aureus. The PVL is a MGE with a very high virulence capability.
The PVL includes two water-soluble monomeric subunits that are able to cause lysis and
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killing of immune cells in humans and animals. The lukPV operon encodes the PVL
toxin. The acquisition of leukocyte (white blood cell) resistance happens by the
incorporation of lukF-PV and lukS-PV components carried on a plasmid by a
bacteriophage which gets into the S. aureus bacteria. These two components are inserted
into S. aureus by ɸSLT, ɸPVL, ɸSA2MW, and ɸSA2usa phages. The mechanism of the
immune cell lysis starts by binding the S subunit to a receptor protein on the cell
membrane. Then, the F subunit is recognized by the S subunit and adheres to it. After
their connection, a dimer forms on the surface of the host cell. Then, they develop the
oligomer and the octameric pore structure which is inserted into the membrane and forms
a pore in the host cell membrane. The toxin produced by these two components results in
intense tissue infections, necrotic skin lesions, and necrotizing pneumonia, even in
healthy individuals (Alonzo et al. 2014; Diep and Otto 2008; Rybak et al. 2005).
PVL is one of the clinically important, phage-transmitted, plasmid-encoded,
virulence factor carried by CA-MRSA. The relationship between the PVL and the
outbreaks of CA-MRSA have been mentioned in many investigations. MRSA strains
with PVL genes cause more severe skin and soft tissue infections than S. aureus strains
without this virulence factor (Rybak et al. 2005).
The PVL gene has been less prevalent among HA-MRSA isolates, and its
presence was reported only in a limited case of MSSA infections. However, the PVL
gene has been detected in nearly every CA-MRSA strain, especially USA300 with the
mecA gene. This observation proposes the critical role of the PVL gene in the fitness,
persistence, and virulence of MRSA in the environment as a super adaptable strain. Also,
there is a high potential for the transference of PVL genes from the PVL-bearing S.
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aureus to other staphylococci resulting in an increase of the pathogenic threat (Watkins et
al. 2012).

3.1.1.5

Staphylococcus Protein A (spa Protein)

The Staphylococcus protein A (spa) is a conserved element and a surface protein
in the cell wall of S. aureus. This virulence factor inhibits the phagocytosis of S. aureus
and its destruction by the host immune system. The target element of spa is
immunoglobulin G (IgG or opsonin 1). The attachment of spa to IgG reduces the ability of
the immune system to recognize the foreign bacteria. In this way, the immune system
fails to start acting against the S. aureus isolate immediately and the S. aureus has a
chance to cause the cell’s death (Kobayashi and DeLeo 2013).
Identification of the spa type carried by S. aureus, especially in clinical settings, is
important to detect and track invasive pathogenic isolates. Several different types of spa
have been identified (Fenner et al. 2008). Those authors investigated the prevalence of
spa types in patients with MRSA infections from 2000 to 2005. Per their investigation,
t041, t008, t002, t400, and t040 were the most prevalent spa types. They also reported the
geographical distribution of identified spa types. Two common spa proteins in America
are the t002 and t008. The prevalence of t008 is mostly associated with CA-MRSA,
especially USA300 (ST8). The t002 spa type is mostly found in USA100 (ST5) (Fenner
et al. 2008).

1 Opsonin is an antibody that attaches to foreign bacteria or cells and makes them more susceptible to
ingestion by our immune system.
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3.1.1.6

Arginine Catabolic Mobile Elements (ACME)

The arginine catabolic mobile element (ACME) is a mobile genetic element in
USA300 genomes. ACME is a genetic island that plays a significant role in the growth,
transmission, persistence, and pathogenesis of MRSA in the community. ACME improves
the fitness and colonization ability of bacterial cells on skin and mucous membranes. It
also enhances bacterial dissemination through the blood stream to target organs
(Malachowa et al. 2010) . Two critical in ACME colonization on the skin are: the arc gene
(arginine deiminase system) and the opp-3 gene (ABC transporter). The arc gene cluster
includes arcA, arcB, arcC, arcD, and arcR. The opp-3 gene cluster consists of opp-3A,
opp-3B, opp-3C, opp-3D, and opp-3E (Diep et al. 2006).
ACME attaches to orfX genes, which are located next to the SCCmec elements and
may catalyze the integration and excision of ACME by the SCCmec recombinase. ACME
is highly prevalent in CoNS like S. epidermidis. Also, ACME genes in CoNS have been
shown to have identical genetic sequences to ACME genes found in USA300. These
observations propose a shared origin of ACME in staphylococci and a shared role in the
colonization of human skin. Because of the high similarity of the ACME genes in S. aureus
and S. epidermidis, S. epidermidis could be considered as a donor of the ACME gene in S.
aureus (Pi et al. 2009; Planet et al. 2013). In USA300, ACME presence has a critical role
in its fitness and pathogenicity as well as its growth and survival in comparison with CAMRSA strains without ACME (Pi et al. 2009; Watkins et al. 2012; Yu et al. 2014).
The arc gene cluster encodes an arginine deiminase pathway in which L-arginine
converts to carbon dioxide, ATP, and ammonia. By this pathway, S. aureus can endure
acidic environments and grow and survive without providing significant immune signals
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of bacterial infections, such as decreasing pH. Despite the presence of a native arc cluster
in all S. aureus isolates for this pathway, the ACME arc cluster has a significant role in
fortifying this pathway and the survival of USA300 (Pi et al. 2009). The opp-3 gene
encodes an oligopeptide permease 1 system. This assists in nutrient uptake, increases the
adhesion and resistance of the bacteria to antimicrobial agents, and increases the growth of
S. aureus on human skin. However, the exact function of this gene is ambiguous (Pi et al.
2009; Yu et al. 2014).
There are two types of ACME. ACME type I contains all arc and opp3 gene clusters
and the copA gene. ACME type I is thought to have a critical role in the growth and survival
of USA300, and its extensive transmission. ACME type II does not have the opp3 gene
cluster, which is found in S. epidermidis (Kawaguchiya et al. 2013).

3.1.1.7

Metal Resistance Genes

Although many studies have been conducted about the presence of multiple
antibiotic-resistant genes in S. aureus, limited investigations have been performed related
to the presence of metal-resistant genes in staphylococcus species. Some metals, like
copper, zinc, nickel, and cobalt, are essential for S. aureus growth and survival. However,
elevated levels of those metals can be toxic. Therefore, removing excessive amounts of
metals is essential for bacterial survival and it is an important defensive mechanism. Other

1

Oligopeptide permease is the enzyme that catalyzes hydrolysis of ATP and conversion of ATP to ADP
under following reaction:
ATP+ H2O+ Oligopeptide (out) → ADP+ Phosphate +oligopeptide (in)
This reaction has a critical role in transporting nutrients through cell membranes.
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metals like mercury, silver, aluminum, cadmium, lead, and gold are not essential for
bacteria (Bruins et al. 2000), but also show toxic effects on growth and survival. Generally,
multiple resistance mechanisms are applied by various bacteria for different metals to adapt
and resist metal pollution. These resistance mechanisms include:
-

Mineralization,

-

Uptake and accumulation,

-

Developing membrane proteins coded by metal-resistant genes,

-

Developing metal binding proteins to initiate redox reactions, and

-

Biosorption.
Membrane proteins use an efflux mechanism to remove excess amounts of metals

inside the cell (Adekanmbi and Falodun 2015; Das et al. 2016; Poole 2017; Poston and
Hee 1991; Vicente et al. 1990). Metal binding proteins attach to toxic oxidants and change
them into less or non-toxic forms, like:
- Cr6+ to Cr3+
- As5+ to As3+
- Hg2+ to Hg0.
Filali et al. (2000) reported staphylococcus isolates from the sewage of Casablanca,
Morocco that were resistant to heavy metals and antibiotics. Those authors recommended
the application of bacteria for remediation of polluted sites with high metal concentration
(Filali et al. 2000). In addition, the isolation of chromium-resistant Staphylococcus spp and
nickel-resistant Staphylococcus spp from an oxidation ditch of a sewage treatment plant
was recorded in Nepal (Rajbanshi 2008). The presence of heavy metal and antibioticresistant S. aureus strains was found in an abattoir in Nigeria in 2015 (Adekanmbi and
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Falodun 2015). The resistance to six metals (lead, copper, zinc, chromium, cadmium, and
nickel) and five antibiotics (tetracycline, ceftazidime, ciprofloxacin, oxacillin, and
vancomycin) was investigated in this study. All S. aureus isolates in this study displayed a
resistance to copper and zinc. To decrease concerns related to public health due to the
transmission of multi-metal and antibiotic resistant S. aureus isolates into the environment,
the authors suggested the application of additional treatment processes (Adekanmbi and
Falodun 2015).
The remediation of metal and antibiotic-resistant bacteria is important for recycling
wastewater, especially for irrigation purposes. Resistant bacteria can survive, thrive, and
multiply in agricultural soils if allowed, as reported by Bahig et al. (2008). A study was
performed using wastewater, instead of canal water, for irrigation in agricultural soil at
Sohag Province, Egypt. The results displayed an extremely higher number of metal and
antibiotic-resistant bacteria at the site with only wastewater usage as a water source. The
presence of plasmids in isolates were also higher in the site where wastewater was applied.
However, some metal-resistant bacteria were still found at the canal water site (Bahig et
al. 2008).
Argudin et al. (2016) conducted a research study to evaluate the presence of metalresistant genes (arsenic, cadmium, copper, and zinc) in 554 livestock S. aureus isolates
(MRSA and MSSA) in Berlin, Germany. According to this study, 76 percent of LA-MRSA
were positive for the presence of at least one metal-resistant gene (Argudín et al. 2016). In
a related study, Argudin and Butaye (2016) found the presence of metal-resistant genes in
methicillin-resistant, CoNS from pigs and veal. In their study, S. epidermidis was reported
with carrying the copB and arsA genes frequently (Argudín and Butaye 2016).
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The occurrence of selective conditions imposed by metal contamination, resulting
in an increased antibiotic resistance, is currently under debate. This is highlighted in
multiple areas of research in resistant bacteria like the staphylococcus species. This has
strengthened the hypothesis of a correlation between the presence of some metal and
antibiotic-resistant factors, which are occurring by two main mechanisms:
-

Co-resistance happens when a genetic element like a plasmid harbors both metal and
antibiotic-resistant genes.

-

Cross-resistance happens when one resistant system or one genetic determinant causes
antibiotic and metal resistance in bacteria. An example is, when a system like the efflux
membrane protein is used to extrude excess metal and antibiotic from bacterial
cytoplasm. In this situation, one membrane protein causes resistance to metal and
antibiotic simultaneously (Baker-Austin et al. 2006; Poole 2017).
The investigations about developing specific antibiotic-resistant genes due to the

development of some metal contamination in the environment were expressed regarding
staphylococcus species. However, more investigations are required to identify any
correlations between metal contamination and developing specific antibiotic-resistant
gene. In the next subsections, literature reviews about different metal-resistant genes and
defense mechanisms of S. aureus against excess concentration of copper, arsenic,
cadmium, and mercury will be presented and discussed further.
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3.1.1.7.1 Copper Resistance Genes
Copper is an essential cofactor and tracer metal for catabolic reactions and
electron transport for many types of bacteria. The survival of bacteria is dependent on
maintaining an acceptable physiological limit of copper concentration. Elevated levels of
copper catalyze the production of hydroxyl radicals (OH●) inside the cell. The high redox
potential of the hydroxyl radicals causes oxidative damage in macromolecules and results
in bacterial death (Sitthisak et al. 2007; Solioz et al. 2010; Zapotoczna et al. 2018). To
avoid this, the bacteria should export excess copper by copper exporter proteins through
the cop operon (Zapotoczna et al. 2018). The cop operon is an encoded copper transport
system that regulates the copper concentrations inside the cell. The cop operon system is
constructed from a regulatory gene, an operator gene, and structural genes (Sitthisak et al.
2007). Generally, for S. aureus strains, four genes have been reported for transporting
copper to the outside of the cell, as summarized in the following table.
Table 3.3 The Common Copper-Resistance Genes in S. aureus
((Sitthisak et al. 2007; Solioz et al. 2010; Zapotoczna et al. 2018)
Common Types of
Gene
Function (encoding)
Comments
S. aureus
copB

Copper Translocating
P-type ATPase*

mco

Multicopper Oxidase

copA

Copper Translocating
P-type ATPase

copZ

Copper Metallochaperone**

Invasive S. aureus
like: MRSA252,
ATCC1260
(resistant types)

Enhance the S.
aureus survival and
responsible for
invasive infections

Other S. aureus

Highly conserved
genes in S. aureus
isolates

*P-type ATPase contains ATP-driven heavy metal pumps. Copper ATPase transfers cations across the
cell membrane. The required energy is provided by hydrolysis of the terminal phosphate bound in ATP
(Sitthisak et al. 2007).
**It is used in the intracellular routing of copper
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As shown in Table 3.3, the genes copA and copB are responsible for transferring
copper inside and outside of the cell by uptake and efflux through the membrane proteins.
The copZ gene is a small protein that delivers copper to the copper-utilizing enzymes in
order to protect the intracellular environment from toxic levels of copper. The presence of
a copper operon with the genes copA and copZ was identified in all S. aureus strains by
multiple researchers (Baker et al. 2010; Sitthisak et al. 2007).
The presence of the copA gene in S. aureus is essential for bacterial survival when
the copper concentration is above the acceptable physiological limit (Sitthisak et al. 2007).
Observations that focused on the presence of the copB and mco genes located in S. aureus
have determined that it does not require these genes independently or together for normal
growth. The mco gene was developed inside the invasive strains of S. aureus under
oxidative stresses, in order to detoxify the excessive copper (Baker et al. 2010). However,
excessive amounts of copper inside the cells can also be treated through active copper
responsive repressors. In correlation to the S. aureus isolates, the csoR gene manages the
excessive amount of copper (Solioz et al. 2010). The resistance mechanisms of S. aureus
begin with respect to the csoR gene as a cytosolic copper sensing repressor. The copZ gene
captures the excessive amount of cytoplasmic copper and donates the Cu+ to the copA gene,
the P-type ATPase. The copA gene exports the Cu+ to the outside of the cell.

3.1.1.7.2 Arsenic Resistance Genes
Inorganic and organic compounds of arsenic are used for different purposes in
human life, like medicine production, agriculture, painting, and food additives. In addition
to anthropogenic sources, like mining activities that produce arsenic in the environment, it
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can generate naturally by microbial action and geological processes. Arsenic contamination
has been reported in drinking water in parts of Asia and the United States of America (Poole
2017; Rahman et al. 2009).
Inorganic arsenate (pentavalent, As5+) and arsenite (trivalent, As3+) are toxic.
Arsine gas, AsH3, is the most toxic form of arsenic. In the case of elevated amounts of
arsenate (As5+) inside the cell, arsenate reduces to arsenite(As3+) inside the cell, and it is
exported to the outside of the cell by the efflux system (Bröer et al. 1993; Ji and Silver
1992). After entering arsenate and arsenite into the cell via cellular transport systems, S.
aureus uses the resistant ars operon to remove the excess arsenic inside the cell. The ars
operon in S. aureus has three genes:
- The arsR gene is a transcriptional repressor and starts working after sensing arsenite in
the cytoplasm.
- The arsB gene is a membrane protein for an arsenite efflux system which is energydependent.
- The arcC gene is responsible for arsenate (As5+) resistance. It encodes a small soluble
protein for enzymatic activities to encode reductase enzymes for converting arsenate
(As5+) to arsenite (As3+).
The resistance mechanism initiates by the sensing of arsenite via the arsR gene
which regulates the encoding of arsenic-resistant gene structures. After that, arsenite is
exported to the outside of the cell by a membrane protein which is encoded by the arsB
gene. For the last process, S. aureus needs energy (ATP), because the arsB gene encodes
the P-type ATPase efflux. In the case of having extra arsenate (As5+) inside of the inner
membrane, the arsC gene reduces arsenate (As5+) to arsenite (As3+). Then, all mechanisms
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are followed by the arsR and arsB genes to extrude arsenite to the outside of the cell (Bröer
et al. 1993; Ji and Silver 1992; Poole 2017).

3.1.1.7.3 Cadmium Resistance Genes
The presence of cadmium is not required for bacterial function, and it is toxic for
microorganisms regardless of its concentration. Also, cadmium is a cumulative poison
which has toxic effects on plants, animals, and humans at low concentrations (Sochor et al.
2011). S. aureus resistance to cadmium can be developed by plasmids or chromosomally
inside the core genome (Hoogewerf et al. 2015). The cad operon confers resistance to
cadmium. Thus far, three operons have been identified for staphylococcus species for
bacterial resistance to the toxic effects of cadmium (Crupper et al. 1999).
 The cadAC operon (cadA operon) in S. aureus includes the cadA and cadC genes, and
the products of both genes are required for resistance purposes against cadmium. In
this operon, the cadA gene exports Cd2+ ion from the cell by an energy-dependent
cadmium efflux P-class of ATPase. The cadC gene encodes the smaller protein and
works as a transcription regulator (transcriptional repressor) in this operon and will be
activated after bonding to the metal ion (Crupper et al. 1999; Hoogewerf et al. 2015).
 The cadBX operon (cadB operon) in S. aureus consists of two genes: cadB and cadX.
The cadB gene protects the bacterial cell by hiding cadmium after binding to cadmium
in the membrane (Das et al. 2016). The cadX gene is a transcriptional repressor like the
cadC gene in cadAC operon (Crupper et al. 1999).
 The cadDX operon (cadD operon) in S. aureus includes the cadD gene and the cadX
gene. The cadD gene hides cadmium after attaching to it to develop resistance. The
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cadX gene is a transcriptional repressor and acts like cadC gene in cadAC operon
(Crupper et al. 1999).

3.1.1.7.4 Mercury Resistance Genes
Organic mercury and non-organic mercury compounds are toxic for living
organisms and humans. Most medical compounds with mercury are restricted due to their
toxic effects on human health (Hobman and Crossman 2015). These compounds are soluble
in lipids and they can bind to membrane proteins and enzymes.
S. aureus develops resistance to mercuric compounds by mer operon. For inorganic
mercury compounds, S. aureus detoxifies toxic-soluble Hg2+ to less toxic, metallic Hg0.
This reduction reaction happens in the cytoplasm via mercuric reductase enzymes. As a
result of this reaction, the volatile Hg0 will diffuse to the outer membrane of the cell.
The mechanism of resistance to organic mercury compounds develops by breaking
the carbon-mercury bonds with organomercurial lyase enzymes to release Hg2+. Then, the
reduction of Hg2+ to Hg0 happens like the mechanism mentioned for nonorganic mercury
compounds. At the end, the Hg0 will be removed from the cell as a vapor.
The mer operon in S. aureus consists of three genes. The merA gene encodes the
mercuric reductase enzyme for inorganic mercury compounds. The merB gene encodes
organomercurial lyase enzymes for breaking organic compounds of mercury. The merR
gene regulates the system (Lyon and Skurray 1987).
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3.1.1.7.5 Summary of Metal Resistance Genes in S. aureus
The following table lists all reported resistance genes of S. aureus for resistance
against copper, arsenic, cadmium, and mercury, based on previous sections.

Arsenic

Copper

Metal Gene

Table 3.4 List of Metal Resistant Genes for S. aureus
Encoded Protein/ Enzyme
Resistance Mechanism

copA

P-Type ATPase

Copper Efflux Pump- Copper
Exporter

copB

P-Type ATPase

Copper Efflux Pump

copZ

Intercellular Proteins

Transferring Copper to Copper
Utilizing Enzymes

mco

Multi Copper Oxidase

Enhance Oxidase Activity

csoR

Copper Sensors Proteins

Activates Copper Resistant
Genes in the Presence of Cu+

arsR

Repressor Protein

Activates Arsenic Resistant
Genes

arsB

Arsenic Efflux Pump Protein

Exports As3+ to Outside of the
Cell

arsC

Arsenate Reductase Enzyme

Reduces As5+ to As3+

cadX

Transcriptional Regulator
Protein

Protects the Bacterial Cell by
Hiding Cadmium in the
Membrane
Regulated Cadmium Resistant
Genes

cadA

Efflux P-Type ATPase

Exports Cd2+ Ion From the Cell

Cadmium

cadD Cadmium Resistant Protein

Mercury

merA Mercuric Reductase Enzyme
merB Organomercurial Lyse Enzyme
merR Regulatory Protein
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Reduces H2+ to Volatile H0
Breaks the Organic Part of
Organomercury Compounds and
Releases H2+
Regulates Mercury Resistant
Genes

3.1.1.8

Antibiotic Resistance Genes

Developing antibiotic resistant genes happens in the bacterial chromosome, or on
MGEs, like plasmids. Generally, four main mechanisms are used by bacteria to show
resistance to antibiotics:
1) The reduction of antibiotic permeability through the membrane
2) The inactivation mechanisms of antibiotics
3) The application of efflux proteins for the rapid removal of antibiotics
4) The target modification (the mutation of target points for binding to antibiotics)
(Baker-Austin et al. 2006; Kapoor et al. 2017).
Here, different antibiotics and their resistance mechanisms will be explained in detail.
3.1.1.8.1 Antibiotics Destroy Cell Walls
Beta-lactam antibiotics include penicillin, monobactam, cephalosporin, and carbapenem.
All of these antibiotics have the beta-lactam ring as shown in Figure 3.1.

Figure 3.1 Beta-Lactam Ring in Different Beta-Lactam Antibiotics
Beta-lactam antibiotics bind to the penicillin binding protein (PBP) as their target
in the bacterial cell. Then, the beta-lactam ring in the antibiotic simulates the D-alanyl-D27

alanine part of cell wall and binds to the PBP, thus inactivating it and breaking the cell
wall. The resistance mechanism of S. aureus encodes with the blaZ gene which encodes
the beta-lactamase enzyme and hydrolyzes the beta-lactam ring. In this way, it inactivates
the ring and breaks it and destroys the cell wall (Kapoor et al. 2017; Lowy 2003).
The second resistance mechanism occurs by developing the penicillin-binding
protein2a (PBP2a), which was discussed in detail in section 3.1.1.3. The mecA gene in S.
aureus changes the target of methicillin in the cell. As a result, the antibiotic cannot
attach to it and will be inactivated.
Glycopeptide antibiotics include vancomycin. These are large molecules and
destroy cell walls. The resistance mechanism of S. aureus starts by encoding the vanA
gene acquired from E. faecalis bacteria. In vancomycin-resistant S. aureus, the vanA
operon encodes low affinity D-Ala-D-Lac dipeptide, instead of D-Ala-D-Ala dipeptide.
The D-Ala-D-Lac dipeptide does not attach to vancomycin. In this way, vancomycin
cannot stop cell-wall synthesis.

3.1.1.8.2 Antibiotics Inhibit the Synthesis of Proteins
The RNA molecule is synthesized from the information contained in the DNA in
the bacteria. This process is called transcription. The product of the transcription process
is messenger-RNA (m-RNA). The information of m-RNA is translated by ribosomes to
synthesize proteins. Bacterial ribosomes are macromolecules that consist of two subunits:
30S (smaller subunit) and 50S (larger subunit). Different antibiotics target these two
subunits to stop protein synthesis and kill bacteria.
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3.1.1.8.2.1 Antibiotics Target 30S Subunit
Aminoglycoside antibiotics include streptomycin and gentamicin, and they have
positive charges on their surface. The positive surface of these antibiotics binds to the
negative-charged molecules in the outer membrane to form pores for entering the
bacterial cell. After the penetration of antibiotics, they affect 30S subunits of ribosomes
and cause misreading of mRNA and a stoppage of translation before completion (Kapoor
et al. 2017). The combination of aminoglycoside antibiotics with beta-lactam antibiotics
is considered standard for the treatment of S. aureus infections. The aac(6’)-le-aph(2’’)
gene, the aph(3’)-llla gene, and the ant(4’)-la gene are aminoglycoside resistant genes in
S. aureus (Emaneini et al. 2013).
Tetracycline antibiotics prevent bacterial growth. The application of tetracyclines
was started in the 1940s for preventing the growth of gram-positive and gram-negative
aerobic bacterial infections. Tetracyclines consist of tetracycline, chlortetracycline,
doxycycline, and minocycline. This type of antibiotic binds to the 30S subunit of the
ribosome at the A-site. Then, it blocks the attachment of the A-site to the amino acid tRNA. In this way, the antibiotics prevent the access of amino acid t-RNA to the receptor
site on mRNA and stop protein synthesis. Tetracycline resistant genes (tet) confer
resistance to bacteria. In S. aureus, the tetM, tetO, tetK, and tetL genes develop resistance
to tetracycline (Kapoor et al. 2017).

3.1.1.8.2.2 Antibiotics Target 50S Subunit
Chloramphenicol and macrolide (like erythromycin) antibiotics target the 50S
subunit of ribosome (23S ribosomal RNA). These antibiotics block the ability of the
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ribosome to synthesize the polypeptide chain from m-RNA. In this way, macrolides stop
protein synthesis. For resistant bacteria, like S. aureus, the erm gene encodes resistance.
This gene can be found on the plasmids or transposons. The erm gene reduces the affinity
attachment of the 50S subunit of the ribosome to bind to the macrolide, streptogramin B,
and lincosamide antibiotics. As a result, the resistant bacteria continue the synthesis of
proteins in the presence of antibiotics. The ermA, ermB, and ermC genes are responsible
for developing resistance mechanisms against macrolide antibiotics (Kapoor et al. 2017;
Liu et al. 2017).
Another mechanism for developing macrolide resistance is by energy-dependent
efflux pumps. The efflux pump transfers the macrolides to the outside of the cell wall. In
this way, it maintains the intracellular concentration of macrolides under the toxic level
for bacterial activities. The resistant genes for developing efflux pumps in S. aureus are
macrolide-streptogramin resistant genes, which include msrA and msrC. The msrA and
msrC genes are common macrolide genes in S. aureus and cause resistance to
erythromycin (macrolides) and streptogramin B (Han et al. 2018; Liu et al. 2017). In
addition, another resistance mechanism employed by S. aureus is by the macrolide
phosphorylase enzyme, the mphC gene. This gene encodes an enzyme to inactivate the
antibiotics (Han et al. 2018).

Multilocus Sequence Typing
The multilocus sequence typing (MLST) method have developed to identify the
evolution of S. aureus. The MLST method includes the determination of the DNA sequence
of seven conserved housekeeping genes in the core genome. Then, the sequence of each
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housekeeping gene is compared to the sequences at the MLST website. Each of the
housekeeping genes is encoded by several sequences which are called alleles. For each
housekeeping gene, several alleles have been recognized (Enright et al. 2000). In the MLST
method, the code produced by the allele numbers for the housekeeping genes are
determined. An allelic profile has seven integers, and each integer is related to a single
housekeeping gene. After establishing the allelic profile, it is compared to the current list
of allelic profiles at the MLST website (http://www.mlst.net) to identify the sequence types
(STs) of the isolate, as well as detect any evolutionary patterns.
Based on the MLST method, determining a unique identity for isolates is possible
due to having multiple alleles for each of the seven housekeeping genes (Table 3.5). If the
allelic profiles of two isolates are the same, they are classified as belonging to the same
clone, which can be related to an evolutionary clonal colony. The seven housekeeping
genes in the MLST method with the total numbers of alleles for each gene are summarized
in Table 3.5 (Enright et al. 2002; Enright 2003).
Table 3.5 Seven Housekeeping Genes and Numbers of Alleles in S. aureus
(Reproduced from (Enright et al. 2000))
Sequence Length
No. of
Gene
(bp)
Alleles
Carbamate kinase (arcC)
456
17
Shikimate dehydrogenase (aroE)
456
17
Glycerol kinase (glpF)
465
11
Guanylate kinase (gmk)
429
11
Phosphate acetyltransferase (pta)
474
15
Triosephosphate isomerase (tpi)
402
14
Acetyl coenzyme A acetyltransferase (yqil)
516
16
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A comprehensive list of sequence typing for S. aureus isolates was prepared by
comparing the housekeeping genes. Two common virulent S. aureus strains in the United
States are USA300 and USA100. The allelic profiles of the seven housekeeping genes for
these two types of S. aureus are shown in Table 3.6 (Enright et al. 2000).

Table 3.6 Allelic Profile of USA300 and USA100 in MLST Method (Reproduced
from (Enright et al. 2000))
Name of
Type
(allele No.)
Allelic Profile
S. aureus
USA300
USA100

CC ST
8
5

3.1.2.1

8
5

arcC
3
1

aroE glpF
3
4

1
1

gmk

pta

tpi

yqil

1
4

4
12

4
1

3
10

3-3-1-1-4-4-3
1-4-1-4-12-1-10

Classification of S. aureus

All identified S. aureus isolates in humans were classified in ten Clonal Complexes
(CCs) with distinctive surface proteins. MRSA strains were present in six of those CCs
including CC1, CC5, CC8, CC22, CC30, and CC45. In each CC, several MRSA and MSSA
isolates have multiple similar genes and allelic profiles. Therefore, it is reasonable to claim
that MRSA isolates evolved from MSSA isolates after obtaining antibiotic resistant genes.
Also, the frequency of exchanging DNA materials between S. aureus isolates in the same
CC is higher than the frequency of exchanging DNA information between isolates from
different CCs (Cockfield et al. 2007; Lindsay et al. 2006). Therefore, the classification of
S. aureus into different CCs is an appropriate approach to discover how bacteria evolve in
the environment.
In each CC, there are several sequence types (STs). The rationale to classify STs in
one clonal complex is based on sharing five MLST alleles out of seven in isolates, which
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is known as the BURST 1 method. If only one different gene is found among the seven
housekeeping genes of MLST, that isolate with a single gene difference is known as single
locus variant (SLV). In the case of having two different genes in an isolate, it is called a
double locus variant (DLV). Similarly, the isolate will be a triple locus variant (TLV) if it
has three different genes.
For each CC, one ancestral ST is identified based on having the greatest number of
relatives or similar STs. Each clonal complex contains multiple MSSA and MRSA isolates
with similar ST. The following figure shows CC8 and CC5 which include two predominant
MRSA strains, ST8 and ST5, in America (Enright 2003). As shown in Figure 3.2, each CC
contains several MRSA and MSSA strains. The CC8 consists of three subgroups, including
ST239, ST250, and ST8, and the CC5 includes ST5.

1 In BURST (Based Upon Related Sequence Types) method, MLST alleles in different STs are compared
between STs to classify one ST in specific CC.
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Figure 3.2 Results of the BURST Analysis for S. aureus Isolates (Reproduced from
(Enright et al. 2002))
As shown in the above figure, it seems that ST8 is the ancestor of two other subgroups,
ST250 and ST239, based on multiple studies of different isolates. The ST250 subgroup
composes most early-detected MRSA isolates containing SCCmec I. The results of the
BURST analysis supported the origin of ST250 from ST8, because they have just one
different housekeeping gene. It means that one-point mutation happened in one nucleotide
which was the allele 3 of the yqil gene in ST8. This gene changed to allele 16 of the yqil
gene in ST250 and other relatives of ST250.
It was believed that ST8-MSSA altered to ST250-MSSA due to the single locus
variant (SLV). Then, ST250-MSSA evolved to ST250-MRSA by the acquisition of
SCCmec I gene. Then, ST250-MRSA-I produced a new strain of MRSA, ST247-MRSA-I
(USA500) with a point mutation in one allele of its housekeeping gene (gmk) (Enright et
al. 2002). The ST239 subgroup, the Brazilian epidemic clone, includes just MRSA isolates.
The BURST analysis verified that ST239 developed from ST8-MRSA-III with a single
locus variant of one housekeeping gene (arcC). Then, it evolved to ST239-MRSA- III.
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The ST8 subgroup contains other MRSA strains which have SCCmec I, II and IV.
USA300 is related to ST8-MRSA with SCCmec IV (Enright et al. 2002; Teixeira et al.
2012). All mentioned evolutionary pathways in CC8 are depicted in Figure 3.3.

Figure 3.3 The Evolutionary Pathway of CC8 (Reproduced from (Enright et al. 2002))
In CC5, the core isolate is ST5-MSSA, which evolves into ST5-MRSA after the
acquisition of the antibiotic-resistant gene and then emerges as ST5-MRSA-I and ST5MRSA-II (USA100). These two major MRSA strains in CC5 were found in Japan and the
USA. CC5 also contains two other MRSA isolates, which are ST5-MRSA-III and ST5MRSA-IV (USA800) (Cockfield et al. 2007; Enright 2003).
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3.1.2.2

CC8-ST8-USA300 (CA-MRSA)

The observation of CA-MRSA in the United States was started in the early the
2000s. There were a considerable number of cases of CA-MRSA infections reported in
healthy people without any healthcare associated risk-factors. Most of the reported
community acquired infections in the United States occurred due to two predominant
strains of MRSA, USA300 (CC8-ST8) and USA 400 (ST1) (Diep et al. 2006; Enright et
al. 2002).
In initial CA-MRSA infections in the USA, USA400 with SCCmec IV and the pvl
gene was recorded as the predominant strain. However, USA300 overtook it and has
quickly become the more prevalent isolate of S. aureus worldwide with a great prevalence
of invasive infections. Its rapidly widespread outbreaks are related to the smaller size of
SCCmec IV allowing a lower number of resistance genes and thus having a higher fitness
capacity, due to the presence of arginine catabolic mobile elements in comparison with
SCC-mec I-III (Moellering Jr 2012). The pulsed-field typing 1 of this common virulent
isolate is referred to as USA300, but due to differences in the exact type of MGEs carried,
sub-categories are defined. MRSA strains with SCCmec IVa are USA300-0114, and
MRSA strains with SCCmec IVb are USA300 (Diep et al. 2006).
USA300 is classified as CC8-ST8 according to the MLST of seven housekeeping
genes. Its chromosome consists of two parts including core and accessory genomic
components. The difference between two components is related to the presence of shared
gene regions in the core component of all strains of S. aureus, and the absence of the

1

Pulsed field gel electrophoresis (PFGE) is a laboratory method to break DNA molecule in electrical field
and identify DNA fingerprint for bacteria.
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accessory genes in all S. aureus strains. S. aureus can carry over 100 mobile genetic
elements (MGEs) on its accessory genes. Some of these MGEs are carried by plasmids and
enter S. aureus through infections with bacterial viruses (Diep et al. 2006).

3.1.2.3

CC5-ST5-USA100

USA100 is related to ST5 with SCCmec II, which was initially called the New
York/Japan strain and is a common HA-MRSA. S. aureus isolates in CC5-ST5 group
contains multiple strains of MRSA and MSSA classified as ST5-MSSA, ST5-MRSA-I,
ST5-MRSA-II, ST5-MRSA-III, and ST5-MRSA-IV by MLST typing and the carriage of
different types of SCCmec (Enright 2003). It seems that ST5-MSSA evolved to ST5MRSA by the horizontal transfer of mobile genetic elements, such as the SCCmec genes
(Enright 2003; Teixeira et al. 2012).
3.2

Staphylococcus epidermidis
S. epidermidis is a gram-positive, oxidase negative, coagulase-negative bacteria. It is

a common commensal organism found in the human nose and skin. This opportunistic
pathogen has resulted in invasive hospital infections. S. epidermidis has about 50 percent
gene homology to S. aureus (Méric et al. 2015). This fact causes limitations for the
application of clinical identification tests, such as the immunodetection of MRSA based on
the PBP2a protein, for environmental samples, as both S. aureus and S. epidermidis may
show positive results. The reason is related to the high similarity of the sequence homology
of the mecA gene in S. aureus and S. epidermidis. The co-growth of S. epidermidis with S.
aureus, and the high level of the sequence homology between these two bacteria, have
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resulted in difficulties discriminating these two bacteria in both clinical and environmental
samples (Francois et al. 2003).
This means that multiple purification strategies are required to isolate S. aureus from
S. epidermidis in the mixed flora of complex environmental samples. In this way, the
possible overestimation of MRSA in the environment is reduced due to the suppression of
false-positive signals for the mecA gene of S. epidermidis. This fact has to be considered
in designing experiments and assessing tests to prevent overestimation of MRSA in
environmental samples, such as water and wastewater, because of the similar mecA genes
originated from S. epidermidis, or other coagulase-negative staphylococci species.
The application of acriflavine was suggested by Davis et al. (2006) to prevent S.
epidermidis growth in mixed flora samples. He showed the application of the acriflavine
in mannitol salt agar resulted in the higher percent reduction of S. epidermidis growth in
comparison with S. aureus. He achieved the highest reduction of S. epidermidis growth at
1.5 mg/l of acriflavine which was 87 percent. However, the growth of S. aureus in 1.5 mg/l
of acriflavine was also reduced by 26 percent (Davis et al. 2006). Since the development
of selective methods is crucial to initiate any investigation related to the presence of S.
aureus and S. epidermidis in environmental samples, a small amount of suppression is an
acceptable trade-off for the ability to distinguish between these organisms (Adesoji et al.
2020; Basso et al. 2014; Faria et al. 2009).
3.3

Staphylococcus delphini
S. delphini is a gram-positive, catalase-positive, coagulase-positive staphylococcus

species. S. delphini is normally found colonized on the skin of warm-blooded domesticated
animals like horses, cows, minks, and pigeons. The first S. delphini isolate was found in
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the discharged pus of the skin lesions of two dolphins in an aquarium in 1975. This
coagulase-positive staphylococcus has multiple differences with other CoPS species such
as S. aureus, S. intermedius, and S. hyicus, as shown in Table 3.7 (VARALDO et al. 1988).

Table 3.7 Different Characterization of Four Species of CoPS (Reproduced from
(VARALDO et al. 1988))
G+C
Mol Weight of PBPs × (103)
Ideal NaCl
Content
Staphylococcus
Species
of DNA
Content
PBP-1 PBP-2 PBP-3 PBP-4
(mol%)
(%)
S. delphini
85
79
39
2-3
S. aureus
79
77
74
44
32-36
0.5 - 1
S. intermedius
85
82
79
31-36
0.5 - 1
S. hyicus
79
33-34
0.25 - 1

In comparison with other CoPS, S. delphini can survive and continue its activities
in elevated concentrations of salt (VARALDO et al. 1988). S. delphini has also been
isolated from other animals like horses, cows, camels, minks, and pigeons (Ben Zakour et
al. 2012).
S. delphini is a part of an opportunistic staphylococcus group of intermedius strains
(SIG) with a highly conservative core genome. The SIG group also includes S. intermedius
strains (pigeons), S. pseudintermedius (dogs). The occurrence of multiple ear and skin
infections in domesticated animals has been reported due to the colonization of these three
species. These pathogens can carry virulence genes like S. aureus such as PVL-lukS and
PVL-lukF, and exfoliative toxins, and cause severe infections (Ben Zakour et al. 2012;
Gharsa et al. 2015). Multiple investigations have been conducted to propose a precise
method for S. delphini identification from other species in the staphylococcus intermedius
group, as well as from S. aureus, since all of them are CoPS species (Canver et al. 2019).
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The presence of S. delphini species in surface water was reported by Basso et al.
(2014). This study was conducted to find staphylococcus species in the Diluvio stream in
Porto Alegre, Brazil. Among five sampling locations, a single S. delphini was found in one
site located in a dense urban area. This single isolate of S. delphini was penicillin-resistant
(Basso et al. 2014).
The presence of four methicillin-susceptible S. delphini isolates was reported in
infected horses in Canada. These four isolates showed resistance to other antibiotics such
as erythromycin, gentamicin, and tetracycline (Stull et al. 2014). The colonization of S.
delphini isolates in nasal samples of healthy donkeys was recorded in Tunis, Tunisia
(Gharsa et al. 2015). All S. delphini isolates in this study were susceptible to methicillin
and did not carry the mecA gene. Also, all S. delphini isolates were positive for the presence
of PVL-lukS and the siet gene (the exfoliative 1 gene). Despite checking for the presence of
antibiotics and different toxins, Gharsa et al. (2015) did not check the presence of metal
resistance genes. However, they suggested to investigate the role of exfoliative and
enterotoxin genes in the evolutionary pathway of these bacteria and their possible effects
on public health (Gharsa et al. 2015).
3.4

Staphylococcus warneri
Arthur Warner isolated the first S. warneri (Kloos and Schleifer 1975). S. warneri is

a gram-positive, catalase-positive, oxidase-negative, and coagulase-negative bacteria with
spherical-shaped cells. This bacteria was reported for causing serious invasive nosocomial
and community-acquired infections in pediatric and adult patients with different sources

1

The exfoliative toxin (ET) encodes by the siet gene. It is one of the virulence factors for causing bacterial
skin infections with large blisters such as Bullous impetigo.
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(Kamath et al. 1992). The presence of S. warneri was recorded in a saline, seleniumcontaminated evaporation pond containing sediment slurries. The study revealed the
reduction of Se (IV) to Se (0) by S. warneri isolates (Siddique et al. 2006). Also, the treated
effluent of a domestic wastewater treatment plant with activated sludge processes was
positive for a single isolate of S. warneri in Porto, Portugal (but, no more information was
provided for that single isolate in this study) (Faria et al. 2009).
The presence of different enterotoxin genes (SEE, SEG, SHE, and SEI) in 90 isolates
of S. aureus and 90 isolates of CoNS species was presented by Vasconcelos et al. (2011).
S. warneri had a higher frequency for the presence of these genes after S. epidermidis. This
finding showed the potential of pathogenicity between different CoNS species and
highlighted these two bacteria as potentially virulent species of the staphylococcus family
(Vasconcelos et al. 2011).
In another study, water samples from the Kizilirmark River in Kizilirmark, Turkey
were positive for the presence of multiple S. aureus and a single S. warneri isolate. The S.
warneri isolate showed resistance to ten metals and five antibiotics. Although, this S.
warneri isolate did not show any resistance to beta-lactam antibiotics, its resistance was
observed to quinolone 1, aminoglycoside, and sulfonamide antibiotic phenotypes. The
authors also mentioned the risks related to the presence of these multi-metal, and antibioticresistant, staphylococcus species to human health since the water of this river was used as
a water resource (Yilmaz et al. 2013).
A single isolate of S. warneri was found among 72 isolates of staphylococcus
species in surface waters of La Rioja located in northern Spain. This investigation was

1

Quinolone is an antibiotic group effective on gram-negative infections.
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conducted to reveal the diversity of staphylococcus species and their antibiotic resistant
genes. This single isolate was susceptible to beta-lactam antibiotics (Gómez et al. 2017).
The presence of different species of staphylococcus was assessed in wastewater and
grey-water samples from Obafemi Awolowo University, in Nigeria. Eleven staphylococcal
species were classified among 60 selected isolates. One out of two identified S. warneri
isolates carried the mecA gene, showing that MGE transfer with other bacteria was possible
(Adesoji et al. 2020).
3.5

Other Environmental Pathogens
In addition to the presence and prevalence of staphylococcus species in the

environment, potentially pathogenic bacteria of the enterococcus species are widespread.
The reason may be related to their ability to survive in different environmental
conditions. As an example, they tolerate a wide range of temperatures (5- 65 ℃), high
concentrations of salt, and a wide pH range (4.5 to 10). Enterococcus includes facultative
gram-positive spherical (cocci) shape bacteria. In comparison to staphylococcus species
that grow in a grape-shaped pattern, bacteria in enterococcus group grow in pairs
(diplococci), or short chains. They are found in the guts of humans and other animals
(Byappanahalli et al. 2012).
Multiple investigations recorded the presence of the antibiotic and metal-resistant
enterococci, like vancomycin-resistant enterococci, in hospital and urban wastewater in the
Europe and the United States (Blanch et al. 2003; Guardabassi and Dalsgaard 2004;
Harwood et al. 2001; Rosenberg Goldstein et al. 2014). Among the more than 30 species
of enterococci, E. faecalis and E. faecium are common species found in wastewater
treatment plants with vancomycin and erythromycin resistance. Their survival after
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wastewater treatment processes, and their discharge into the natural waters, were recorded
by multiple researchers. In fact, recreational water quality standards exist based upon the
presence of enterococci in fresh and salt waters. The release of viable multidrug-resistant
enterococcus species into the environment after sewage treatment processes has to be
considered as a potential public health concern. The reason is related to their survival
ability in the environment and the carriage of multiple resistant genes (Blanch et al. 2003).
The fate of vancomycin-resistant enterococci was investigated at four WWTPs in
the United States (Rosenberg Goldstein et al. 2014). The results of this study indicated the
effectiveness of treatment processes in reducing the number of vancomycin-resistant
enterococcus species. Samples from the fully treated effluent after chlorination processes
were negative for the presence of vancomycin-resistant enterococci. However, effluent
samples without disinfection units transmitted these resistant bacteria into the environment.
The prevalence of E. faecium was predominant among the enterococcus species in this
study (Rosenberg Goldstein et al. 2014).
The untreated drinking water samples were investigated to identify the presence of
enterococcus species in Portugal (Macedo et al. 2011). Water samples were collected from
wells, springs, and fountains. Among the isolated enterococcus bacteria, E. faecalis, E.
faecium, E. hirae, and E. casseliflavus were predominant. This study showed that 57
percent of isolates were resistant to more than three antibiotics (Macedo et al. 2011). In the
following section, more information will be presented related to E. faecalis in
environmental samples.
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3.6

Enterococcus faecalis
E. faecalis is a gram-positive, catalase-negative, and oxidase-negative bacteria. E.

faecalis is normally found colonizing human and animal gastrointestinal systems.
Therefore, the presence of enterococci in surface waters like streams, seawaters, and rivers
is considered indicative of fecal contamination (Novais et al. 2005).
The effect of wastewater treatment processes with primary and secondary activated
sludge processes was investigated on the removal of E. faecalis, E. faecium, and E. hirae
species. Results showed that these two treatment processes did not significantly change the
number of E. faecalis isolates in comparison to the other two species. Also, the two sewage
treatment processes did not remove the antibiotic-resistant isolates in this study (da Silva
et al. 2006).
The surface water of Kizilirmak river, in Turkey was examined to assess the
presence of lead-resistant bacteria. Out of 33 lead-resistant isolates, one E. faecalis clone
was reported with resistance to lead, aluminum, lithium, barium, chromium, iron, silver,
nickel, and zinc. The results of a plasmid study demonstrated that the elimination of four
plasmids inside the bacterial cell did not remove its resistance to lead in this study (Aktan
et al. 2013).
Different species of enterococcus were identified in sediment samples from three
different sampling locations in the coastal area of the Adriatic Sea. E. faecalis isolates were
identified but E. faecalis was not a predominant type of enterococcus. Results of metal and
antibiotic resistant tests revealed that the incidence of resistance to cadmium was higher
among enterococcus isolates along with the resistance to erythromycin (Vignaroli et al.
2018).
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The presence of enterococci species with multi-drug resistance in the environment
can cause the development of more resistant organisms like vancomycin susceptible S.
aureus (VSSA), vancomycin intermediate S. aureus (VISA), and vancomycin resistant S.
aureus (VRSA) as shown in Table 3.8. MGEs are thought to be involved in spreading this
resistance to S. aureus (Cong et al. 2019).
Table 3.8 Classification of S. aureus Resistance to Vancomycin
Levels of Resistant to Vancomycin in S. aureus
Vancomycin-Susceptible S. aureus
Vancomycin-Intermediate S. aureus
Vancomycin-Resistant S. aureus

VSSA
VISA
VRSA

Vancomycin MIC Values
< 2 µg/l
4-8 µg/l
>16 µg/l

The application of vancomycin has been common since 1980 in some countries,
including the United States (Gardete and Tomasz 2014). The development of VRSA from
vancomycin-resistant Enterococcus faecalis isolates via conjugative transmission of the
van element from E. faecalis to MRSA was demonstrated in infected mice by both
microorganisms (Noble et al. 1992).
The resistant mechanism of VRSA develops by acquiring the Tn1546 transposon
from vancomycin-resistant E. faecalis. This transposon contains the van gene clusters.
Thus far, eleven vancomycin resistant genes have been identified for enterococci.
However, for S. aureus bacteria only the vanA gene carried on Tn1546 transposon has
resulted in the resistance to vancomycin and the emergence of VRSA (Cong et al. 2019).
3.7

Techniques for Analyzing Genetic Data
In the following sections, the whole genomic sequencing (WGS) and the BLAST

analysis will be explained. Whole genomic sequencing is a method to provide information
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related to the entire genome of the organism. The format of the results of the whole
genomic sequencing is provided in a fasta file contains the information of the DNA and
can be analyzed via the online tools such as the BLAST method.

Whole Genomic Sequencing
The genome of each individual bacteria includes the entire genetic information.
Providing the entire genetic information is crucial for researchers to identify the diversity
and evolution of each organism. Whole genomic sequencing (WGS) is a technology to
prepare the whole genetic information and provide details related to detecting any
insertions or deletions, variants (such as single nucleotide variants), and large-scale
structural variants.
There are two approaches to conduct WGS based on having a reference genome,
including de novo sequencing and resequencing. When there is not a reference sequence,
de novo sequencing is used for sequencing of a new genome by assembling single sequence
reads into longer contiguous sequences (contigs). The resequencing in WGS is applied to
determine DNA biomarkers such as DNA (genes), proteins, and hormones. The
resequencing provides a wide range of information associated with genetic changes of the
sequenced organisms including:
-

Insertion or deletion,

-

Single nucleotide polymorphism (SNPs)

-

Copy number variations (CNVs),

-

Structure variations.
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There are different methods and machines to perform WGS. The whole genome
shotgun sequencing is started by preparing multiple copies of the purified DNA samples.
Then, the DNA is fragmented randomly by ultrasonication 1. The mixture of overlapping
fragments with different sizes is exposed to agarose gel electrophoresis, which provides
the electric current to separate the DNA fragments based on their sizes. The size selection
provides long and short inserts. The different sizes of inserts are cloned for different parts
of the DNA such as plasmids, phages, etc. After that, the computer software assembles
different segments of the DNA by considering the overlapping parts in different contig
segments and removing gaps to produce the whole genomic sequencing. However, the
genome sequencing with this method is not as accurate as other approaches.
In new genomic sequencing (NGS) techniques like WGS via Illumina machine
(HiSeq), the sequencing process is initiated with breaking the DNA to small fragments
(100, 200, 300, etc. base pairs) as shown in Figure 3.4. For each fragment, two adaptors
are considered for each end of the DNA. For example, the adaptor A attaches to the left
end of the DNA piece and the adaptor B attaches to the right end of the DNA piece as
shown in Figure 3.4.

1

Ultrasonication is the application of sound energy with frequencies more than 20 kHz to shake and agitate
samples like DNA.
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Figure 3.4 Procedure of the WGS with Illumina HiSeq Machine
In the HiSeq Illumina device, there is a glass slide where the complementary
sequences of adaptor A (A’) and adaptor B (B’) are attached. After placing the DNA
fragments on the glass slide, PCR (polymerase chain reaction) is performed to make several
copies of the DNA fragments on that local region on the glass and produce double-strand
DNA. After forming two strands of the DNA fragment, the temperature is increased to
separate the two strands and a bridge is built by attaching the adaptor B at the end of the
DNA strand to the complementary adaptor B’ on the glass slide. The bridge forming
continues for other strands. For assembling process to form a complete sequence, each
bridge is read from both ends (Figure 3.4). The read length is normally 150 base pairs from
each end of the strand. The length of the fragment and the read length are variable which
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can affect the overlap length to produce the complete sequence, which is recorded in a fasta
file.

Basic Local Alignment Search Tool (BLAST)
The BLAST analysis is an online platform provided by the National Centre for
Biotechnology Information, NCBI, (https://www.ncbi.nlm.nih.gov/) to discover similar
regions between biological sequences (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The
BLAST analysis provides five categories for comparing data as summarized in the
following table.

BLAST
Categories

Table 3.9 Five Different Types of the BLAST Analysis
Comparison Between
Function
Query
vs Database

Nucleotide
Nucleotide vs
Blast
Protein
Blast
Blastx
Tblastn

Tblastx

Protein

Nucleotide

vs

Protein

Translated
vs
Nucleotide

Protein

vs

Translated
Nucleotide

Translated
vs
Nucleotide

Translated
Nucleotide

Protein

Compare the New DNA Sequences to
Recorded Sequences in the Database
Compare the New Sequences of Protein
to Recorded Protein Sequences in the
Database
Compare the New Translated
Nucleotide Sequence to the Sequences
of Proteins recorded in the Database
Compare the Sequence of Unknown
Protein to the Recorded sequences of
Translated Nucleotide in the Database.
Compare the Sequence of New
Translated Nucleotide to the Recorded
Sequences of Translated Nucleotide in
the Database.

In the BLAST analysis, a comparison is conducted between the new unknown
sequence and known sequences in the library (database). This means that a new sequence
(a query sequence) with unknown function aligns with the available sequences in the
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database (target sequence in the database). The BLAST analysis provides information to
see if the public databases have any sequence similar to the newly derived sequence. In
addition, the comparison of two sequences can be conducted by BLAST to identify any
possible similarity. The results of BLAST analysis are summarized in the description table.
The similarity between sequences is determined by the expected value (E-value). An Evalue equals to zero means that the alignment between new unknown sequence and the
target sequence in the databases does not happen by chance and it does not occur randomly.
3.8

Results from Other Studies of MRSA in Wastewater Treatment Plants
The presence of the mecA gene of staphylococci was recorded in clinical sewage in

Karlsruhe, Germany. The real-time PCR assay was applied to find the presence of the mecA
gene in clinical wastewater. In this study, samples from municipal wastewater were
negative for the presence of the mecA gene of staphylococcus (Volkmann et al. 2004).
A seasonal study was conducted to assess the presence of the mecA gene and the
nuc gene of S. aureus, and viable MRSA in eight different sections of the Ryaverket
WWTP in Gothenburg, Sweden (Börjesson et al. 2009). A SybrGREEN real-time PCR test
was applied to detect the nuc gene for finding S. aureus. Also, the mecA gene was detected
by using a real-time PCR test based on the LUXTM system (Invitrogen). MRSA was found
by using a clinical kit, GeneOhmTM MRSA test (BD, GmbH, Heidelberg, Germany) and
isolated by culturing on multiple culturing media. First, centrifuged samples were cultured
in LB medium augmented with cefoxitin and aztreonam. Then, MRSA selective medium
was applied for cultivation and suspected MRSA isolates were transferred to S. aureus
chromogenic medium, mannitol salt agar, and MRSA selective medium to provide pure
MRSA isolates. Results of different samples during a year revealed the positive effect of
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the WWTP processes to decrease the prevalence of viable MRSA as detected by using
molecular and cultivation methods. However, signals detected from the mecA gene and the
nuc gene of S. aureus were persistent through treatment processes in the WWTP. Also, no
correlation was reported between the presence of the mecA genes and the presence of
MRSA (Börjesson et al. 2009). These studies demonstrate the discrepancy that can happen
between viable and genetic signals. In addition, they highlight the difficulty for comparing
research in this area, and a lack of standardized methods and media used to detect MRSA
presence in environmental samples.
In a subsequent study by Börjesson et al. (2010), the detection of viable MRSA in
early stages of a municipal WWTP was recorded in Ryaverket WWTP. Effluent samples
were negative for viable signals of MRSA. In this study, isolates were detected on
BrillianceTM MRSA agar and MRSASelectTM Chromogenic Agar. These isolates were
tested by real-time PCR assay to detect mecA and nuc genes to identify MRSA, but were
not screened for S. epidermidis. Among 189 identified MRSA isolates, 29 different spa
types were detected. Two common mecA genes in detected MRSA were SCCmec types I
and SCCmec IV determined by a multiplex PCR (Börjesson et al. 2010). This approach of
collecting viable bacterial isolates on selective agar prior to genetic probing is an important
improvement upon a direct probing of the wastewater. However, it has the potential to
recognize MSSA co-growing with the mecA gene carrying S. epidermidis as MRSA.
A comparison of viable MRSA signals was conducted in effluent sewage samples
of two hospitals, and influent and effluent samples of the WWTP which received sewage
from those two hospitals in Australia (Thompson et al. 2013). Samples were cultured on
Vogal Johnson agar and then on mannitol salt agar with cefoxitin. Then, the catalase test
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was conducted on suspected S. aureus isolates. Isolates with positive catalase results were
cultured in nutrient broth and were tested by PCR. A PCR test was applied to catalase
positive isolates from sewage to detect the nucA gene of S. aureus. Then, identified S.
aureus isolates (with the nucA gene) were tested by PCR for the presence of the mecA gene
of MRSA. Based on the mecA gene presence, the MRSA prevalence was higher in hospital
sewage in comparison with samples from the receiving sewage treatment plant. Also,
viable MRSA isolates survived after sewage treatment processes and final disinfection
process in the effluent samples in this study. Based on recorded results in this study,
hospitals could have a significant potential to spread MRSA in the environment through
treatment processes (Thompson et al. 2013). However, with what is known about the cogrowing of S. aureus with other staphylococcus species that can share the mecA gene, the
results of this study may have overstated MRSA presence, especially since a nonsuppressive broth was used prior to PCR.
The occurrence of MRSA and MSSA isolates was investigated by a combination
of culturing and PCR methods in four wastewater treatment plants in the United States
(Goldstein et al. 2012). Sewage samples were filtered and cultured in staphylococcus broth
to enrich the bacterial signal. Then, a small volume (10 µl) of the culture was plated on the
Baird Parker and MRSASelectTM agars. Presumptive S. aureus and MRSA isolates were
selected based on their colors on two agars. The black colonies on the Baird Parker agar
were counted as presumptive S. aureus isolates and hot pink colonies on the
MRSASelectTM agar were considered as presumptive MRSA. Then, three identification
tests were applied to verify the type of isolates, the gram stain, coagulase, and catalase
tests. For final confirmation, PCR tests were used to identify S. aureus and MRSA of
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presumptive isolates by targeting the S. aureus-specific nuc gene and the mecA gene,
respectively. Results of this study showed that the treatment processes decreased the
number of viable MRSA and MSSA isolates. However, one MRSA isolate was found in
unchlorinated effluent samples of one secondary-treated wastewater based on the mecA
gene signal. All three tertiary sewage treatment plants were negative for the presence of
viable MRSA in the final, chlorinated effluent. Also, two types of SCCmec II and IV were
detected among the MRSA isolates in this study by a multiplex PCR method (Goldstein et
al. 2012). It seems that the developed method in this study may not have totally eliminated,
or suppressed false-positive signals, resulting from other staphylococci isolates in sewage
samples. It has been shown that S. epidermidis grows well on Baird Parker agar and can
co-grow with S. aureus resulting in confusing PCR results due to sharing of genetic
materials. However, this study was an improvement on the prior studies.
The prevalence of viable S. aureus, viable MRSA, and free DNA containing the
mecA gene was studied monthly in samples from Thibodaux WWTP in Louisiana (Naquin
et al. 2014). Collected sewage samples were plated on the clinical mannitol salt agar to
detect presumptive S. aureus isolates. MRSA isolates were defined by further testing of
yellow colonies on mannitol salt agar with Kirby-baur disk diffusion test to identify
bacterial resistance to methicillin. The presence of the mecA gene in collected samples was
tested by PCR assay after centrifugation of samples and extracting their DNA. The UV
disinfection process in this WWTP killed most of the viable S. aureus and MRSA isolates,
but it was not so effective as to eliminate them completely. In addition, the presence of the
mecA gene as a free DNA was reported in the treated effluent after the UV process.
Although the presence of the mecA gene was reported in effluent samples of this WWTP,
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no clarification was provided about the origin and the most probable source of the mecA
genes in the treated sewage (Naquin et al. 2014). It was assumed that the presence of the
mecA gene was indicative of MRSA. However, other bacteria can grow on mannitol salt
agar and can carry this accessory gene.
All of these prior studies led to the development of methods for this study. First,
enrichment of the S. aureus signal was needed as it was not the most abundant bacteria in
sewage. Second, clinical growth media was altered to create a more suppressive
environment for other staphylococci, especially S. epidermidis. Then, screening of isolates
that had been streaked onto suppressive media was performed to define colonies that
contained presumptive MRSA or MSSA. Identification by coagulase, oxidase, and ELISA
tests for the PBP2a protein were done to further identify the isolates. Some sediment and
effluent isolates were investigated with the RapIDTM STAPH PLUS System (REMEL
Inc.).
The PCR method was not used to define MRSA from MSSA, but it was applied to
screen for the presence of other common co-growing bacteria. Finally, the whole genomic
sequencing method was used and the assembly process in this method assured that only
one bacteria’s genes were recovered and assembled. Finally, the presence of MSSA or
MRSA, the type and carriage of resistance genes was decided based on analysis of the
assembled genomes.
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CHAPTER 4. METHODS AND MATERIALS
4.1

Sampling Locations and Times
Two different activated sludge-based wastewater treatment plants (WWTPs) were

selected in Lexington, Kentucky (Town Branch and West Hickman) to evaluate S. aureus
presence in sewage samples (Figure 4.1 and Table 4.1). These two WWTPs have
approximately the same design and loading capacity; however, they have different
microbial and chemical characteristics in their wastewater and sludge content due to
differences in their sewersheds.

Figure 4.1 Town Branch and West Hickman WWTPs Coverage Area
(Prepared by Dustin Baker, GIS developer from Lexington-Fayette Urban County
Government (LFUCG))
Town Branch-WWTP is the older sewage treatment facility in the north part of
Lexington, Kentucky. It was established in 1919 and has expanded over the years. It
collects urban sewage, which includes wastewater from high density apartments, several
prisons and jails, 8 hospitals, the University of Kentucky, the Veterans Affairs Medical
facility, stockyards, and an airport. Town Branch Creek receives the final treated effluent
of Town Branch WWTP, and then after connecting to Elkhorn River it flows to the
Kentucky River. At the time of study, its design capacity was 30 million gallons per day
55

(MGD) with an average daily flow rate of 19.8 MGD. It collects sewage from 89,291 units
in its whole coverage area and about 79.69% of them are residential units. The total
estimated population served by this wastewater treatment facility is about 121,836.
West Hickman-WWTP was constructed in 1972 and covers the developing
suburban sprawl in the southern part of the city. Currently, its design capacity is about 33.9
MGD with daily flow rate of 20.4 MGD. This WWTP services 78,703 units and 92 % of
them are residential units. The total population in this part of the city is about 164,940. Its
final chlorinated effluent discharges to West Hickman Creek, a tributary to the Kentucky
River. The sources of sewage in these two wastewater treatment plants are different; Town
Brach receives hospital strains of S. aureus and West Hickman contains community strains
of S. aureus. As shown in Table 4.1, West Hickman-WWTP covers more residential units
of the city in comparison with Town Branch-WWTP.
Table 4.1 Total Covered Population and Units by Two WWTPs (Prepared by
Dustin Baker, GIS Developer from Lexington-Fayette Urban County Government
(LFUCG))
WWTPs

Directly
Serviceable
Population

Serviceable
Households

Total Units

Residential
Units

Town Branch
(TB)

121,836

54,566 (44%)

89,291

71,162 (80%)

West Hickman
(WH)

164,940

76,737 (46%)

78,703

73,040 (92%)
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All WWTP samples were taken from three different locations across treatment
processes: at the untreated influent (prior to grit removal), the final clarifier effluent (the
effluent of the sedimentation tank), and final treated effluent after chlorination. Samples
were collected on 6 days during February and June of 2017. Samples were collected
between 9:00-10:00 a.m. Effluent samples were collected again during the sediment
sampling events during the period of six months, spanning 2018 and 2019. The total
number of samples collected from the WWTPs during the two sampling periods can be
seen in Table 4.2.
For the second part of the investigation related to the assessment of S. aureus
prevalence in sediment samples, five sampling locations were considered. Four of them
were located in creeks and one sample was collected from the fully treated effluent of the
large volume sewage. All samples for the second part of this study were collected from
December 2018 until May 2019. Fully chlorinated effluent samples were grabbed at the
end of the suburban West Hickman wastewater treatment plant in Lexington, Kentucky.
Table 4.3 summarizes all latitude and longitude information related to the sediment project.
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Table 4.2 Numbers of Samples at Each Site

Downstream
Town Branch WWTP West Hickman WWTP
of WHWWTP
After
After
West
West
Small
Veterans
Influent Sedi Effluent Influent Sedi Effluent
Hickman
Hickman
Tributary
Park Creek
Tank
Tank
Creek
Creek
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
Upstream of
Veterans Park

Date
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02.06.17
02.07.17
02.10.17
02.16.17
02.24.17
06.26.17
Total # of
Samples
12.07.18
02.03.19
03.10.19
03.14.19
04.10.19
04.24.19
04.25.19
05.23.19
Total # of
Samples

6

4

6

6

4

Upstream of
WH-WWTP

6
+
+
+
+
+
+

+
+

+

+
+

+
+

+
+
+
+

7

2

2

6

WWTP: Wastewater Treatment Plant │ WH: West Hickman │Sedi: Sedimentation

+
+
+
+
+

6

+

Sample
Types
Location

Table 4.3 Latitude and Longitude of Sampling Sites for the Second Round of Sampling
Suburban Sediment
Small Tributary
(Upstream of VP)
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Latitude
37° 58ʹ 49.92ˮ N
Longitude 84° 29ʹ 26.09ˮ W
VP: Veterans Park

Wastewater

West Hickman
Creek
(Upstream of VP)

Veterans Park
(VP) Creek

West Hickman
Effluent

37° 58ʹ 50.22ˮ N
84° 29ʹ 25.15ˮ W

37° 57ʹ 29.08ˮ N
84° 30ʹ 7.09ˮ W

37° 56ʹ 28.34ˮ N
84° 30ʹ 7.59ˮ W

Rural Sediment
West Hickman Creek
(Downstream of
WWTP)
37° 56ʹ 4.61ˮ N
84° 30ʹ 7.44ˮ W

Three sediment sampling locations were selected upstream of the discharge point
of West Hickman WWTP. One sampling point was downstream of the West HickmanWWTP, less than a mile distance from the discharge point of the treated effluent. The main
purpose of selecting different sampling locations along West Hickman Creek was to
evaluate S. aureus presence in sediments before and after the discharge point of treatment
facility to identify its potential role in spreading S. aureus into the environment, and to
ascertain the impact of the city on the creek.
Among upstream locations, one sampling location was in West Hickman Creek
underneath the bridge crossing Veterans Park, about five miles upstream of the West
Hickman sewage treatment facility. Two other upstream sampling locations were in West
Hickman Creek, upstream of Veterans Park in suburban part of Lexington, Kentucky. As
shown in Table 4.3, sediment samples were classified as suburban and rural sediments, and
with respect to their location relative to the West Hickman WWTP effluent and city
development.
Sediment samples were collected on six days, during the period spanning December
2018 to May 2019. All sewage effluent and sediment samples were collected in one-liter
sterile bottles and transferred on ice to the Environmental Research and Training
Laboratories (ERTL) in the University of Kentucky and processed within 12 hours of
collection.
4.2

Selective Enrichment
Since the supposed number of S. aureus were expected to be smaller than other

bacteria known to be in sewage and sediment (S. epidermidis, Enterococci, E. coli, etc.),
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samples were selectively enriched in modified media to suppress other bacteria and
enrich the numbers of S. aureus.

Water and Sewage Samples
All treated and untreated wastewater samples were processed with the method
developed by Amirsoleimani et al. (2019). First, all larger particles and chunks were
removed by passing sewage samples through sterile, stainless steel, tea-strainers with small
holes. Strained samples were transferred and pelleted in sterile 250-ml conical tubes, with
the supernate discarded, by centrifugation at 3,700×g for 10 minutes. The remaining pellet
was mixed with an equal volume of 2x, selective, enrichment broth. The mixture was
vortexed and then incubated at 37°C for 48 hours.
The selective enrichment broth contained BBLTM phenol red mannitol salt broth
(Becton, Dickinson and Company, Sparks, MD), 0.0165 mg/ml acriflavine (Acrose,
organics), 75 IU/ml polymyxin B (OXOID), 3.5% potassium tellurite (OXOID), 30 mg/ml
nalidixic acid (Sigma-Aldrich), and 100 IU/ml Nystatin (Sigma, Aldrich). Table 4.4
summarizes the role of each component in selective enrichment broth.
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Table 4.4 Different Elements in the Selective Enrichment Media
Chemical
Added to
Characteristic
Role
High Salinity Media *Selective Differentiate
Mannitol Salt Sewage &
with Only One
Media for Salt-Tolerant
Broth
Sediment
Fermentable Carbon Bacteria That Can Ferment
Substrate
Mannitol
Acriflavine

Sewage &
Sediment

Antiseptic

*Suppressive Element for S.
epidermidis Growth

Polymyxin B

Sewage &
Sediment

Antibiotic

*Suppressive Chemical for
Gram-Negative Bacteria

Potassium
Tellurite

Sewage &
Sediment

Metallic salt

*Enhances S. aureus growth
*Forms Black Precipitates as
a Visual Growth Aid

Nalidixic
Acid

Sediment

Antibiotic

*Inhibitor for the Growth of
Gram-Negative Bacteria Like
Proteus mirabilis

Nystatin

Sediment

Antifungal

*Suppresses Fungal Growth

After incubation, the mixture was centrifuged again for 10 minutes at 3700×g. The
supernatant was discarded and the pellet was resuspended into a small amount of sterile
phosphate-buffered saline, then spread onto mannitol salt agar plates augmented with the
same concentrations of acriflavine, polymyxin B, and nalidixic acid as the broth, and
incubated at 37°C for 48 hours. After incubation, petri dishes were removed, and resultant
yellow colonies were examined. For each plate, 10 colonies, or up to 10% of all
presumptive S. aureus (yellow) colonies, were streaked on to new acriflavine, polymyxin
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B, and nalidixic acid-augmented mannitol salt agar plates to create single clonal colonies
for selection. The presumptive S. aureus colonies were subjected to identification tests
before performing DNA extraction for genetic analysis by methods that will be described
in section 4.3.

Sediment Samples
Sediment samples were processed was conducted in a similar manner as water and
sewage samples, with some modifications to further suppress the growth of sediment
organisms. First, sediment samples had to have extracted bacteria that were stuck to the
sediment grains and associated biofilms.
For extraction, 60 g of wet sediment was transferred into a 250 ml sterile centrifuge
bottle, and 200 ml of 1X, mannitol salt broth was added. Then broth containing sediment
samples was shaken for 10 minutes by hand, to extract the attached bacteria from
sediments. After shaking, bottles were kept still for about 3 min on the bench to allow
settlement of the largest particles. Then the supernatant that contained bacteria was
carefully pipetted away from the settled sediment and passed through a sterile, stainless
steel, tea-strainer to remove large particles. Again, a 3-min settlement time was completed,
and 150 ml of supernatant was transferred to a new sterile container and mixed with the
same volume (150 ml) of 2x strength broth and incubated for 24 hours at 37°C.
After 24 hours of incubation, 200 ml of the bacterial solution was siphoned off and
transferred to a sterile centrifuge tube and centrifuged for 10 minutes at 3700×g. The
supernatant was removed, and the developed pellet resuspended and enriched with the
same volume of 2x strength developed broth, followed by incubation of 24 hours at 37°C.
After the final selective growth step, centrifugation at 3,700×g for 10 min was used to
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pelletize bacteria, and the resuspended pellet was spread onto mannitol salt agar augmented
with acriflavine, polymyxin B, and nalidixic acid at the same concentration as the broth
and incubated at 37°C for 48 hours. The streak plate preparation of yellow colonies was
the same as for water samples. After preparing the streak-plated colonies, identification
tests were used on single-colony isolates to identify presumptive S. aureus and MRSA. The
developed method for sewage and sediment samples were shown in Figure 4.2.
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Figure 4.2 Different Steps of Developed Method for Sewage and Sediment Samples
MSA: Mannitol Salt Agar
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4.3

Identification Tests
While the selective growth media excluded bacteria and fungi that could not grow

at high salt contents, or were susceptible to the antimicrobials added, further identification
of the isolated colonies needed to be done. After the initial isolation of presumptive S.
aureus clonal colonies based on their yellow color on suppressive mannitol salt agar, three
other identification tests were applied to verify the isolated clones as presumptive S. aureus
and further identify them as MRSA.
Oxidase Test
The first test was the oxidase test for discrimination of staphylococci from
micrococci. For the oxidase test, one isolated clone from the streak plate from the streak
plate was selected and streaked on a new tryptic soy agar plate and kept in incubator for
18-24 hours. After incubation, a fresh streak isolate was tested by the oxidase test which
was performed with pouring one drop of OxiDropTM liquid (Hardy Diagnostic Z119) onto
an isolated colony on the tryptic soy agar plate. Bacteria like Pseudomonas aeruginosa and
micrococcus develop blue/purple color within 10-20 seconds after exposure to the OxiDrop
liquid. The blue/purple color develops because of the reaction between cytochrome c 1 and
this reagent. However, S. aureus due to the lack of cytochrome c cannot develop
blue/purple color. Isolates from streak plates without any color change were further tested
with two other identification tests to identify them further as presumptive S. aureus, and
perhaps MRSA.

1 Cytochrome c is a tiny protein in the group of heme protein. Proteins in the heme group are responsible
for carrying oxygen inside the cell.
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Coagulase Test
The second test applied was the coagulase tube test (Coagulase CryoTM Hardy
Diagnostics) which was used to discriminate between coagulase negative staphylococcus
such as S. epidermidis and coagulase positive S. aureus. Any positive coagulation in test
tubes after transferring 50 μl of fresh culture of bacteria (isolated colony grown for 18- 24
hours in tryptic soy broth) during 4 hours of incubation at 37 °C rejects the isolated clone
as S. epidermidis. This means that the isolated clone may be presumed to be oxidase
negative and coagulase positive S. aureus.
ELISA Test
After initial justification of S. aureus with oxidase and coagulase tests, an ELISA
test was applied to check the presence of antibiotic-resistant protein and a final
classification of presumptive MRSA isolates.
Another clone from the streak plate that had colonies that proved to be oxidase
negative and coagulase positive was tested for the presence of PBP2 by the use of an ELISA
kit (MRSA latex test, Denka Seiken, Japan). First, sufficient bacterial growth was
transferred to an extraction solution by a sterile loop. Then, the solution was processed by
boiling (95-100 °C) and cooling steps. After that, another extraction reagent was added to
the mixture and it was subjected to centrifugation. The resultant supernatant was used to
check the presence of PBP2 on a test card. Two drops of supernatant were poured on two
separate circles (one was marked as a test circle and the other one marked as a control one).
Then, one drop of sensitized latex was added to the supernatant on test circle and one drop
of control latex was added to the supernatant on control circle and the mixtures were rotated
for 3 min to find any agglutination. A positive result was defined by developing any
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positive agglutination on test circle and negative agglutination on control circle within
three minutes in ELISA test. A positive result verified the selected isolate as a presumptive
MRSA.
4.4

Bacterial Extraction and Genetic Identification
Initial results found that relying on just the three, aforementioned, identification

tests was not sufficient to conclusively identify the single colony isolate as S. aureus, or
MRSA, since environmental strains are complex and bacteria can share different genomic
information with horizontal gene transfer. PCR results from a prior study (not shown here)
showed inconclusive findings. Therefore, whole genomic sequencing was considered as
the final confirmation of bacterial types with additional PCR detection of select genes to
assure the absence of S. epidermidis and the presence of selected MGEs. A subset of
isolates was selected for DNA extraction (section 4.4.1), PCR probing (section 4.4.2), and
whole genome sequencing (section 4.4.3).
All selected presumptive MRSA isolates were grown again in acriflavine,
polymyxin B, and nalidixic acid augmented mannitol salt broth, and aliquots frozen at 80°C until extracting their genetic material with DNeasy Blood and Tissue kit (QIAGEN).
DNA Extraction
DNA extraction of S. aureus (gram-positive bacteria) is complicated in comparison
with gram-negative bacteria due to the presence of a very thick, tough-cell wall around the
cell. For DNA extraction, a fresh culture of bacteria was prepared with suppressive broth.
Then, the fresh bacterial culture was subjected to centrifugation in small, sterile centrifuge
tubes (2 ml) to collect all bacterial cells from the suppressive broth by pelleting at the end
of centrifuge tubes. Before following the steps of the Qiagen kit for DNA extraction, two
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additional enzymes were used to cleave the thick peptidoglycan layer of S. aureus
lysostaphin (antimicrobial against S. aureus) and lysozyme (cell wall destructive enzyme).
Bacterial materials in pellets were mixed with 5 μl of lysostaphin, 10 μl of lysozyme, and
185 μl of TE buffer (Tris-EDTA buffer). The mixture was shaken vigorously and then
incubated at 37°C for 30 min to 2 hours (incubation time continued until visually observing
a decrease in the turbidity level of the mixture). After observation of decreased turbidity,
all steps detailed by the QIAGEN kit were followed to reach a final extracted volume of
50 μl.
At the end, the purity of all DNA extracts was assessed by NanoDrop (Thermo
Scientific Spectrophotometer ND-1000) before sending to an outside genomic laboratory
for PCR and whole genomic sequencing. Therefore, the concentration of nucleic acids (260
nm) and purified proteins (280 nm) were checked in 2 μl of DNA extracts by measuring
the 260/280 ratio and 260/230 ratio (for pure DNA the recommended 260/280 ratio is about
1.8 and for pure RNA, the ratio should be about 2.1, and the acceptable range of 260/230
ratio is about 2-2.2 for pure nucleic acid). After checking the DNA content of extracts by
NanoDrop, 48 μl of extract was shipped on ice to the Genomic Research Laboratory of Dr.
Patrice Francois at the University of Geneva for genetic analysis.

PCR Probing
Upon arrival at the University of Geneva labs, all isolated clones were checked to
a triplex, quantitative PCR assay before final confirmation by whole genomic sequencing.
Therefore, the presence of the femA and mecA genes were checked with a validated qPCR
method to investigate the presence of S. epidermidis gene in DNA extracts (Francois et al.
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2003). Isolates were classified by considering the genetic information of DNA extracts
with multi-locus sequence typing (MLST) and spa sub-typing methods. In addition, a PCR
molecular assay was used to identify the presence of pvl gene (Francois et al. 2004). This
was done prior to sequencing the whole genome.

Whole Genome Sequencing and MLST Typing
This section on the methods applied to the sample for sequencing at the University
of Geneva was written by Dr. Patrice Francois and is copied here from (Amirsoleimani et
al. 2019):
“Whole genomic sequencing of DNA extracts was conducted with the
Illumina HiSeq 2500 (Illumina, San Diego, CA, USA) and 100 base reads with
paired-ends were considered based on the Truseq® DNA Sample Preparation
Protocol (Illumina®). The quality assessment of sequence reads was examined with
the Fastqc program (http://www.bioinformatics.banraham.ac.uk/projects/fastqc/).
The fastq-mcf program was used for quality assurance of reads (Ea-utils:
http://github.com/expressionAnalysis/ea-utils/blob/Wiki/FastqMcf.md). Edena v3
assembler (Hernandez et al. 2013) was used to perform Genomic assembly by
considering minimum 60-bp and the minimum contig size kept on 500-bp. The
Prokka v1.10 program was utilized to annotate the assembled genome (Seemann
2014). The default values were considered for the BlastP analysis and the threshold
was determined for the E-value, which was set to 10-6 for conducting an accurate
analysis. The comparisons of core proteome were done by “Get_homologues.pl”
script (Contreras-Moreira and Vinuesa 2013). The phylogenetic analysis was

70

conducted via the CVTree3 Web Server (Xu and Hao 2009). Also, the identification
of the specific genes to affect the phenotype, evolution, and the virulence of isolates
was determined by Prokka annotation and the BlastP analysis.
The poor assembly was determined when the genome size of an isolate was
not in the range of 2.6-2.9 megabases. Several isolates were determined with the
poor assembly results after the first attempt. The poor assembly happened in more
than 1000 contigs because of the DNA contamination from Proteus mirabilis (a
gram-negative bacteria). To remove the contamination from the identified isolates,
the genome of four P. mirabilis strains were applied to subtract reads. The accession
numbers of these four P. mirabilis strains include: CP021694.1, CP015347.1,
CP004022.1 and CP017085.1. The subtraction of the contaminated organism from
the reads were conducted by CLARK (v.1.2.3.2 using default parameters) (Ounit
et al. 2015). After removing the contaminated parts of reads, new analytical
assembly analysis was conducted on resulting cleaned genome which was
promising. As a result, the number of contigs was decreased and results were
improved.
The Parsnp v1.0 program was applied to identify the phylogenetic
relationship of isolates via the SNPebased analysis using S. aureus core genome
(Treangen et al. 2014). The BlastP analysis was conducted to investigate the
presence of specific genes in the phenotype and identify the evolution and the
virulence of the isolates. The comparison of the genomic information of isolates
was conducted by considering all identified SNPs, all sequencing reads of S. aureus
(ST8) isolates published by Von Dach et al (2015), and several published genomes
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of USA300 found in America and recorded by Planet et al. (2003) (Planet et al.
2013; Von Dach et al. 2015). A breakdown value of 23 SNPs from more than 2.5
nucleotides was set for identifying an epidemiological connection between the
strains (Von Dach et al. 2015). All isolate genomes have been recorded with the
“PRJEB29126” name at ENA (https://www.ebi.ac.uk/ena).”

The type of S. aureus isolates sequenced were classified both in-house (sediment
and effluent samples), and at the University of Geneva (initial sewage samples), by
considering the genetic information provided by the sequenced DNA extracts with the
MLST method. The received sequenced DNA files (fasta files) from the whole genomic
sequencing were uploaded in the website of the Centre for Genomic Epidemiology
database to identify the MLST type of isolates (http://cge.cbs.dtu.dk/services/MLST). The
MLST tool provided a 7-digit number which reduced to a single number as a sequence
type. Then comparison of the isolate’s sequence with available sequence database (consists
a specific number for all current alleles) was concluded to characterize the type of isolates
(Enright et al. 2000). Similar sequence types between isolates indicates that they have
common genetic information in a conserved part of their genome. The type of the spa
protein in different isolates was determined by the spaTyper service provided by the Centre
for Genomic Epidemiology database (https://cge.cbs.dtu.dk/services/spatyper/).

Identification of Resistance Genes
The BLAST analysis was used to perform genetic analysis in-house for finding the
presence of different metal resistant genes of S. aureus and other bacteria. Prior to conduct
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the BLAST analysis, the metal-resistant genes for different organisms were searched for
by name in the NCBI database (https://www.ncbi.nlm.nih.gov/) in the gene section. Then
the sequence file was searched for a matching sequence. After finding the specific metalresistant gene in the NCBI website, the fasta file of that gene was downloaded. Then, the
BLAST analysis was conducted by comparing the fasta file of each specific gene with the
fasta files for isolates sent by Dr. Patrice Francois. An E-value (explained in section 3.7.2)
equal to zero was considered to approve the presence of specific metal-resistant genes.
Table 4.5 summarizes the list of all considered metal-resistant genes for copper, arsenic,
cadmium, and mercury in this study. The analysis to identify the resistance to antibiotics
was performed by the annotated genomes and submitting the fasta file of each isolate to
the Centre for Genomic Epidemiology database in the VirulenceFinder section
(https://cge.cbs.dtu.dk/services/VirulenceFinder/). Table 4.6 summarizes the list of all
antibiotic resistant genes in this study.
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Table 4.5 List of All Copper, Arsenic, Cadmium, and Mercury Resistance Genes
Metal Gene symbol
ID
Description
mco

45575877 Multi-Copper Oxidase Gene -SA

copA

5774842

copB

45575876 Copper Translocating ATPase- SA

Copper

copZ

Copper Translocating P-type ATPase- SA

45575708 Copper Chaperone Gene- SA
14477830 Copper Chaperon Gene- SW
45575248 Copper-Sensing Transcriptional Repressor- SA

csoR

14478302 Copper-Sensing Transcriptional Repressor-SW
52196579 Copper-Sensing Transcriptional Repressor- SD

SAWRS04330

50461003 Copper Translocating P-type ATPase- EF

copY-TcrY

52196580 Copper Transport Repressor-EF

Arsenic

arsR
arsB

Mercury

Cadmium

arsC
cadD
cadX
cadA
merA

merB
merR
SA: S. aureus

3978622
45575885
50460660
3978620
58448551
45574081
3978621
45448550
17363254
14484798
45575879
50462574
50461525

Arsenical Resistance Repressor-SA
As (III)-Sensing Transcriptional Repressor-SA
Transcriptional Regulator-EF
Arsenic Efflux Pump Protein-SA
Arsenite Efflux Transporter Membrane-SD
Arsenate Reductase-SA
Arsenate Reductase-SA
Arsenate Reductase-SD
Cadmium Binding Protein-SA
Cadmium Resistant Regulator Plasmid-SA
Cadmium Transporting ATPase-SA-MRSA252
Cadmium Translocating P-type ATPase-EF
Cadmium Translocating P-type ATPase-EF

13874741 Mercuric Reductase Enzyme- SA
13874740 Organomercurial Lyase-SA
13874745 Mercuric Resistance Regulatory Protein-SA
SW: S. warneri
SD: S. delphini
EF: E. faecalis
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Table 4.6 List of all Antibiotic Resistance Genes
Antibiotic phenotype
Gene symbol
blaZ
mecA
blaTEM-210
erm(C)
erm(A)
mphC
msr(A)
msr(C)
Isa(A)
aph (3')-III
aac (6')-aph (2'')
ant (6)-Ia
ant (9)-Ia
cat(pC194)
fexA
Vga(A)LC
tet(M)

Beta -lactam

Macrolide

Aminoglycoside

Chloramphenicol
Streptogramin B
Tetracycline

The presence of different plasmids in each isolate was investigated via the Plasmid
Finder tool available at the Centre for Genomic Epidemiology database. Application of this
tool and uploading the fasta file resulted from sequenced DNA files provides the list of all
plasmids in an isolates (https://cge.cbs.dtu.dk/services/PlasmidFinder/) and the associated
resistance genes.
4.5

Data Analysis
The total numbers of isolates in the first and the second part of this study was 17

and 10, respectively. As a result of having limited numbers of isolates in the whole study,
performing data analysis was not possible.
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CHAPTER 5. RESULTS
5.1

Results of Wastewater Samples (Liquid Samples)
The results of initial sampling from two wastewater treatment plants in Lexington,

Kentucky, Town Branch and West Hickman wastewater treatment plants, are summarized
in this part. All samples were collected between February and June 2017.

Confirmation of Enrichment Method for Suppressing S. epidermidis by
Acriflavine
Initial experiments for extracting antibiotic-resistant bacteria from sewage samples
were conducted by the application of a clinical method immunomagnetic separation.
Results from the clinical method were not promising or applicable to environmental
samples due to the presence of many unwanted microorganisms in samples and their
biofilm. The target bacteria, S. aureus, could not stick to the magnet because of the
presence of other microorganisms. Based on my observation, the immunomagnetic beads
were covered with different types of bacteria and slime in the tube containing sewage.
Therefore, the immunomagnetic beads covered with different bacteria slipped down after
putting the tubes in the magnet and no significant attachment was observed. Because of
failing this clinical method, selective enrichment was considered as an alternative method
for complex sewage samples. In selective enrichment, the S. aureus signal was amplified,
while suppressive chemicals were added to prevent the growth of co-growing bacteria.
Acriflavine was added to mannitol salt broth and agar to suppress S. epidermidis as
a co-growing bacterium. Addition of acriflavine was a key step for this project in
comparison with other studies in the past. Because S. epidermidis and S. aureus species
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have a similar mecA gene, which causes false positive results, it was essential to suppress
S. epidermidis (Francois et al. 2003; Méric et al. 2015). It seems that other studies
overestimated MRSA presence in the environment because of the presence of S.
epidermidis genes and signals (Börjesson et al. 2010; Börjesson et al. 2009; Goldstein et
al. 2012). Application of three different identification tests in addition to acriflavine, made
us confident that we could isolate and provide clean clones of presumptive MSSA and
MSRA.
Measured suppressive effects of acriflavine on laboratory strains showed its
potential for decreasing the growth of S. epidermidis (ATCC29887). Growth of S.
epidermidis was suppressed more than MSSA- ATCC25923, and MRSA- BAA2420. The
comparison of the average growth number of laboratory strains on mannitol salt agar with
and without acriflavine showed 65 percent reduction of S. epidermidis, 46 percent of
MSSA, and 17 percent of MRSA (Table 5.1 and Figure 5.1). As summarized in the
following table, the results of the Tukey test comparing the differences between growth
reduction indicates a statistically significant difference between S. epidermidis and MRSA
strains.
Table 5.1 Comparative Growth Inhibition of Laboratory Stocks of S. epidermidis
Versus S. aureus on Acriflavine Augmented Mannitol Salt Agar (Reproduced from
(Amirsoleimani et al. 2019))
Type of Bacteria
Average Percent Reduction (n=5)
S. epidermidis
65 ± 3
MSSA
46 ± 11
MRSA
17 ± 13
Tukey Pairwise Comparison
Statistical Difference (P<0.05)
S. epidermidis vs MRSA
+
S. epidermidis
MSSA

vs
vs

MSSA
MRSA

-
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Average Percent Reduction (%)

Percent Reduction: SE > MSSA > MRSA

Bacterial Types

Figure 5.1 Average Percent Reduction of Laboratory Bacterial Stocks on Acriflavine
Augmented Mannitol Salt Agar (Reproduced from (Amirsoleimani et al. 2019))
SE: S. epidermidis│MSSA: methicicllin-susceptible S. aureus │MRSA: methicillinresistant S. aureus
For isolated clones from actual sewage samples, the suppressive effect of acriflavine
was verified by performing quantitative PCR on DNA extracts of 18 selected isolates prior
to whole genomic sequencing. The target specific identification gene for S. epidermidis
was the femA gene in qPCR (Francois et al. 2003). The presence of the femA gene was
negative for all 18 extracts, confirming that all shipped extracts were clean and did not
carry S. epidermidis genes.
However, another common, co-growing microorganism was identified with S. aureus
in several isolates from sewage during DNA reading of the whole genomic sequences. The
recognized cogrowth and contamination was revealed to be Proteus mirabilis in 6 out of
18 isolated colonies from both wastewater treatment plants. We did not consider any
suppressive chemicals for P. mirabilis during the first sampling period since we did not
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know about co-growing potential of this gram-negative bacteria in the highly saline staph
media.
During whole genomic sequencing of these contaminated isolates, the DNA
information of P. mirabilis was cut out and discarded, and the rest of the DNA was
assembled again in silico. However, the assembling process failed for one of the
contaminated isolates. At the end, 17 isolates were typed and characterized completely.
Table 5.2 shows the information related to the 6 isolates contaminated with P. mirabilis.
Based on achieved results in isolates from sewage samples, another suppressive element
(nalidixic acid) was added to enrichment media for the second part of sampling from
sediments in hopes of suppressing growth of P. mirabilis and other microorganisms.
Table 5.2 S. aureus Isolates with P. mirabilis Contaminations on Their DNA
(Reproduced from (Amirsoleimani et al. 2019))
Sampling
Isolate

Time
Date

Location
WWTP

Section

SA3
2.10.2017
Town Branch
Influent
SA13
6.26.2017
SA5
2.10.2017
Influent
SA10
2.24.2017
West Hickman
SA18
6.26.2017
Effluent
SA17*
6.26.2017
West Hickman
After Sedimentation Tank
* Unrecoverable DNA sequence after removal of P. mirabilis sequences in silico

Typing of S. aureus in Sewage
Results of MLST of the seventeen isolated colonies of S. aureus classified them
into three CCs and six STs. The Figure 5.2 and Table 5.3 summarize the information related
to MLST types and CCs. Figure 5.2 shows the phylogenetic tree of selected isolates. It also
represents CCs, STs of isolates, along with the presence or absence of mobile genetic
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elements for the antibiotic resistant gene (mecA), and pvl gene. In addition, this figure
shows how isolates are closely related to each other as well as their evolutionary path.
Three CCs were identified for all isolates including CC59, CC5, and CC8.

Accessory
genes

Isolates
Belong
to CC5
Isolates
Belong
to CC8

CC59

Figure 5.2 Phylogenic Tree for S. aureus Isolates in WWTPs and Selected MGEs
(Reproduced from (Amirsoleimani et al. 2019))
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Table 5.3 MLST Typing by Allelic Profile of Sewage S. aureus Isolates
(Reproduced from (Amirsoleimani et al. 2019))
Types
Seven Housekeeping Genes
Isolate
ID
CC
ST
arcC aroE glpF gmk pta tpi yqiL
SA1
8
8
3
SA6
8
8
3
SA11
8
8
3
SA16
8
8
3
SA8
8
ST8
3
SA3
8
1750*
3
SA5
8
1750*
3
SA9
8
2642*
3
SA12
8
2642*
3
SA10
8
72**
1
SA4
5
5
1
SA7
5
5
1
SA13
5
5
1
SA14
5
5
1***
SA15
5
5
1***
SA18
5
5
1
SA2
59
59
19
* Single Locus Variant of ST8
** Triple Locus Variant of ST8
***99.78% Similar to Aallele1

3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
23

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
15

1
1
1
1
1
1
1
1
1
8
4
4
4
4
4
4
2

4
4
4
4
4
4
4
4
4
4
12
12
12
12
12
12
19

4
4
4
4
4
4
4
4
4
4
1
1
1
1
1
1
20

3
3
3
3
3
183
183
305
305
3
10
10
10
10
10
10
15

CC59 has a single isolate typed as ST59 based on the sequence number of its seven
housekeeping genes, which is 19-23-15-2-19-20-15 (Table 5.3). Six isolates were
characterized as CC5 with ST5 and with the sequence number of 1-4-1-4-12-1-10 for seven
housekeeping genes. The remaining 10 isolates were classified as CC8 and typed as ST8,
ST1750, ST2640, and ST72. Two isolates with ST1750 and two isolates with ST2640 were
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single locus variants (SLVs) 1 of ST8 and one isolate (ST72) was a triple locus variant
(TLV) of ST8.
Table 5.3, you can see that ST8 is the primary type with the sequence number of 33-1-1-4-4-3 for its seven housekeeping genes. SA1, SA6, SA8, SA11, and SA16 were
typed as ST8. SA3 and SA5 isolates were typed as ST1750. They have the sequence
number of 3-3-1-1-4-4-183 for seven housekeeping genes. Comparing the sequence
number of ST1750 isolates with ST8 isolates shows that the sequence number of ST1750
for the yqiL gene is 183. However, it is 3 for ST8 isolates. ST1750 has a single difference
in the last locus in comparison with ST8. Therefore, ST1750 is considered an SLV of ST8.
For two isolates typed as ST2640, the sequence number of seven housekeeping
genes is 3-3-1-1-4-4-305. This sequence number has only one difference in the last gene
yqiL with the sequence number of ST8 isolates. The number for yqiL gene for ST2642 is
305 and for ST8 is 3. So, SA9 and SA12 isolates are SLVs of ST8. One isolate (SA10) is
typed as ST72 with the sequence number of 1-4-1-8-4-4-3 for seven housekeeping genes.
Comparison of its sequence number with the sequence number of ST8 isolates represents
three differences in the number of arcC, aroE, and gmk genes. Therefore, it is considered
as a TLV of ST8.
Figure 5.3 summarizes the results of single nucleotide polymorphisms 2 (SNPs) of
isolates. It provides the difference between the nucleotides in the core genome of isolates.

1 As a result of the mutation or evolution, variations happen in allelic profile. When one locus in seven
housekeeping genes changes from the founder, that isolate will be called single-locus variant (SLV) of
founder. SLVs will change more and result in two different loci out of seven and produce double locus
variants (DLVs). DLVs will change and produce triple-locus variants (TLVs).
2 The results of single nucleotide polymorphisms method show the difference between DNA building blocks
(nucleotides) of the core genome of isolates. The core genome of S. aureus consists of all common
housekeeping and regulatory genes of different isolates in staphylococcal species. The core genes are
different from accessory genes (accessory genes can be present or not in different isolates of staphylococcus).
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As shown in this figure, there is one isolate (SA2), classified as CC59-ST52, with more
than 14,000 nucleotide differences in its core genome in comparison with other isolates.
The pairwise comparison of its core genome sequence with other isolates showed
significant difference between this single, odd isolate and the others and it was highlighted
in black. This isolate did not contain any mecA and pvl genes. This isolate was found in
urban sewage of Town Branch WWTP that collects wastewater from the University of
Kentucky, several hospitals, the Bluegrass airport, and multiple prisons. It may not be a
common strain indigenous to this region.
For isolates belonging to CC8 and CC5, the SNP differences between isolates in one
clonal complex are less than 1000 and their minimal nucleotide differences are highlighted
in green. However, there was a single exception observed in CC8 group. About the
exception, SA10, it was classified CC8-ST72 and belongs to the USA700 lineage with a
TLV of ST8. Its SNP differences are between 7,800 to 8,099 when compared with other
isolates in CC8-ST8 group. The differences of SNPs in nucleotides in core genome of
isolates in CC8 group from CC5 are between 8,000 to 10,000 which are highlighted by
yellow in Figure 5.3, denoting divergence between these groups.
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Figure 5.3 Pairwise Comparison Matrix for SNP Differences of the Core Genome of
Sewage S. aureus Isolates Organized by Local Colony Types (Reproduced from
(Amirsoleimani et al. 2019))
*Green: Indicates Minimal Differences │Yellow: Moderate Differences │Red:
Maximum Differences.
General Comparison of Isolates in Two Wastewater Treatment Plants
The prevalence of S. aureus in samples from the suburban West Hickman sewage
treatment plant was more than samples from urban Town Branch WWTP with hospitaldominated sewage sources. Except CC59-ST59, which was found only one time in Town
Branch WWTP, other isolates were typed as CC8 and CC5 and they were common in
samples from both sewage treatment plants. The antibiotic resistant gene (mecA) was found
in all isolates in CC8 group except SA8 which did not carry the mecA gene and was isolated
from the sedimentation tank of West Hickman WWTP. Also, the mecA gene was not
common in isolates from CC5 except for one isolate (SA7) that was found in the
sedimentation tank of West Hickman WWTP.
Generally, the carriage of the mecA gene and the pvl gene was more common for
CC8 isolates (Tables 5.4 and 5.5). In addition, our results showed a higher prevalence of
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the pvl gene in isolates from influent samples in comparison with the global population
(41% versus 1-5%) (Tristan et al. 2007).
Table 5.4 Characteristics of Isolates Belonging to CC8
(Reproduced from (Amirsoleimani et al. 2019))
Isolates Belong to CC8 Group
Core Genome
Location
Selected Accessory Genes
Typing
Date
ID
mecA
mecA
pvl
WWTP Section
MLST
spa
Presence Type
Presence
TB
Inf
SA1
8
t1578
(+)
IVa
(+)
TB
Inf
SA3
1750
t008
(+)
IVa
02/10/17
WH
Inf
SA5
1750
unk
(+)
IVa
WH
Inf
SA6
8
unk
(+)
IVa
02/16/17
WH
ST
SA8
8
t6671
WH
Inf
SA9
2642
t024
(+)
IVb
(+)
WH
Inf
SA12 2642
t008
(+)
NA
(+)
02/24/17
WH
Inf
SA10
72
unk
(+)
IVa
WH
Inf
SA11
8
t008
(+)
IVa
(+)
06/26/17
WH
ST
SA16
8
unk
(+)
IVa
- TB: Town Branch - WH: West Hickman
-WWTP: Wastewater Treatment Plant
- Inf: Influent
- ST: Sedimentation Tank - unk: unknown
Table 5.5 Characteristics of Isolates Belonging to CC5
(Reproduced from (Amirsoleimani et al. 2019))
Isolates Belong to CC5 Group
Core Genome
Location
Selected Accessory Genes
Typing
Date
ID
mecA
mecA
pvl
WWTP Section
ST
spa
Presence
Type
Presence
02/10/17
WH
Inf
SA4
5
t002
02/16/17
WH
ST
SA7
5
t888
(+)
II
TB
Inf
SA13
5
t002
WH
Inf
SA14
5
t002
(+)
06/26/17
WH
Inf
SA15
5
t002
WH
Eff
SA18
5
t002
- TB: Town Branch - WH: West Hickman
-WWTP: Wastewater Treatment Plant
- Inf: Influent
- ST: Sedimentation Tank - Eff: Effluent
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General Comparison of the Presence, Persistence, and Genetic Diversity of
Isolates
5.1.4.1

Similar Sources of Contamination in Both Sewersheds

To compare the sources of contamination in both sewersheds, five pairs of isolates
were selected. One isolate from Town Branch and the other one from West Hickman
wastewater treatment plants were sampled on the same day. All results are summarized in
Table 5.6. The difference of SNP between isolates in each pair was less than 605 in their
core genome except one pair (SA13 and SA18) with zero SNP. These five pairs have the
same MLST type, spa type, mecA gene, and cassette type. However, they are not similar
in carrying the pvl genes. These five pairs suggest that similar contamination sources are
releasing S. aureus into the sewersheds of both wastewater treatment plants. Also, it shows
that the contamination source is not correlated to land use, the number of hospitals and
population density as originally thought.
SA13 and SA18 have zero difference in their core genome, denoting a share of this
S. aureus type across the city. The observation of zero SNP difference may indicate that
SA13 and SA18 originated from the same clone, even though they were isolated from
different sewersheds. Also, it could support having an epidemiological link as mentioned
by (Von Dach et al. 2015).
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Table 5.6 Pairwise Comparison of Isolates for Selected Conditions by Comparing
MLST and spa Typing and Carriage and Type of MGEs (Reproduced from
(Amirsoleimani et al. 2019))

Core Genome
Accessory Genes
Comparison Isolate Pair WWTPCore
Type
spa
mec A
Same PVL
Condition
Site
by ID #s
Genome bp
Presence
Difference CC ST Same Type Presence Type

Similar Sources

Persistence
Over Time
Persistence
Through
WWTP

Diversity

SA13

TB-IN

SA18

WH-Eff

SA1

TB-IN

SA6

WH-IN

SA3

TB-IN

SA5

WH-IN

SA13

TB-IN

SA15

WH-IN

SA13

TB-IN

SA14

WH-IN

SA6

WH-IN

SA16

WH-ST

SA15

WH-IN

SA18

WH-Eff

SA9

WH-IN

SA12

WH-IN

SA14

WH-IN

SA15

WH-IN

SA4

WH-IN

SA7

WH-ST

SA7

WH-ST

SA8

WH-ST

Yes/ -

Yes/ -

Yes/ IVa

No/

Yes/ IVa

Yes/ -

Yes/ t002

Yes/ -

Yes/ -

55

Yes/ t002

Yes/ -

No/

1

88

NA/ -

Yes/ IVa

Yes/ -

598

55

Yes/ t002

Yes/ -

Yes/ -

2

8 2642

No/

9

55

Yes/ t002

584

55

No/

0

55

Yes/ t002

186

88

NA/

200

8 1750

NA/

601

55

604

55

8793

88

No/

t1578
t008
-

t024
t008

t888
t002
t888
t6671

Yes/

IVb
IV

Yes/ No
No

II
II
-

+
-

+

Yes/ +
No/

+
-

Yes/ Yes/ -

WWTP: Wastewater Treatment Plant │TB: Town Branch │ WH: West Hickman
IN: Influent │Eff: Effluent │WH-ST: West Hickman Sedimentation Tank │N/A: Not
Applicable
5.1.4.2

Persistence Over Time

The persistence of contamination over time was evaluated by considering a pair of
isolates, SA6 and SA16 both from West Hickman WWTP. These isolates were from two
different sections, influent and after sedimentation tank, with a four-month difference in
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sampling dates. These two isolates have only one SNP difference in their core genome.
Both isolates belong to CC8-ST8 with a similar mecA gene, and both carry the pvl gene.
This evidence show that these two homologous isolates have a similar progenitor. Finding
these two isolates, with four months difference, in the same wastewater treatment plant and
in two different sections may suggest the persistence of the parent cell, or the main
progenitor cell, circulating in the sewersheds, or in the treatment processes.
5.1.4.3

Persistence in WWTP

The persistence of isolates through the treatment train of processes was investigated
by considering a pair of isolates, SA15 and SA18, found in the West Hickman WWTP on
the same day. As summarized in Table 5.6, SA15 was isolated from untreated influent
samples, while SA18 was found in the final chlorinated effluent. These two isolates belong
to the same clonal complex (CC5-ST5), both carry the same spa gene, and they are negative
for the carriage of the antibiotic-resistant gene and the pvl gene. In the nucleotide they
display 598 differences that are noted in the core genome which indicates that these isolates
did not come from the same progenitor cell. Their similar characteristics could suggest
their ability to persist through treatment processes and after chlorination.
5.1.4.4

Diversity in Isolates

For representing the diversity between isolates in sewage samples, multiple pairs
were selected and evaluated by considering the carriage of MGEs, the spa typing, and SNP
differences. The first pair includes two isolates, SA9 and SA12, obtained from the influent
samples of West Hickman WWTP on the same day. Both isolates were classified as CC8ST2642 with two nucleotide differences (2 SNP) in their core genomes, which means that
they are homologous. Also, they carry mecA and pvl genes. However, they have different
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spa protein; SA9 has t024 and SA12 has t008 proteins as summarized in Table 5.4, which
shows the diversity that is expected as bacteria multiply in people and in the environment.
Another pair consists of SA14 and SA15 from West Hickman influent, isolated on
the same day and classified as CC5-ST5 with the same type of spa protein (t002), both
without the methicillin resistant gene (mecA). These two isolates have only 9 nucleotide
differences in their core genomes, yet one isolate (SA14) carried the pvl gene and the other
one (SA15) was without the pvl gene. The finding of two homologous isolates from the
same location, and at the same time, with different in the carriage of MGEs (pvl gene)
shows the potential for gaining or losing accessory genes transferred between isolates and
creating diversity.
Another pair includes isolates SA4 and SA7 from the West Hickman WWTP at two
different locations. Isolate SA4 was isolated from influent samples and SA7 was found in
samples after the sedimentation tank. These two isolates are classified as CC5-ST5. They
have 584 nucleotide differences in their core genome, carry different spa proteins (t888
and t002), and one isolate (SA7) carries the mecA gene, while the other isolate (SA4) is
without the mecA gene. This observation could be more evidence supporting the diversity
that may be happening in the WWTP. However, this evolution of isolates can occur during
treatment processes, upon passing through the sewershed, or in the population hosts.
Another observation related to diversity involves comparing isolates SA7 and SA8.
Both isolates were found in West Hickman WWTP after the sedimentation tank on the
same day. SA7 was classified as CC5-ST5 which contained the mecA gene. This isolate
was the only CC5 isolate to carry methicillin resistant gene (mecA) and the spa protein of
t888 (Table 5.5). The rest of isolates in CC5-ST5 lacked the mecA gene and had a different
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spa protein (t002). SA8 was typed as CC8-ST8 without the mecA gene. This isolate was
the only isolate in CC8 group without methicillin resistant gene (Table 5.4) with more
differences in its core genome if compared with other isolates in CC8 (869 to 1051). These
two isolates are more evidence for the diversity between isolated S. aureus clones being
related to WWTP evolution.
The activated sludge process could be a potential point in wastewater treatment
facility for creating these diversities by providing the density and close contact required
for exchanging MGEs between isolates. The reason is related to the mean residence time
for sludge of 3 to 15 days, and the higher density of microorganism, and bacteriophages
present in activated sludge tank.
5.2

Results of Sediment Samples
The second round of sampling was conducted between December 2018 to May

2019, later than the initial sewage treatment plants sampling. Based on our initial results
from sewage samples, we found that the S. aureus signal was higher in the suburban West
Hickman WWTP. Therefore, multiple locations were identified upstream and downstream
of West Hickman WWTP effluent discharge to investigate the role of this sewage treatment
facility in spreading of S. aureus into the environment. In following sections, a descriptive
analysis of results will be presented because the small numbers of sediment isolates did not
allow us to perform statistical analysis. Results of sediment and effluent samples from this
sampling event are summarized in this part.
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Effect of Suppressive Elements on the Co-growth of Environmnetal Organisms
Based on the results of whole genomic sequencing (WGS) on isolated clones from
sewage samples, we decided to add nalidixic acid to the formula for suppressive media to
prevent the co-growth of P. mirabilis. Then, a sediment sample was collected from
downstream of the West Hickman WWTP to evaluate the feasibility of the newly
developed media to isolate S. aureus from biofilm. During sample processing, massive
fungal growth was observed in the enrichment broth after samples were incubated. Then,
nystatin was added, in addition to nalidixic acid and acriflavine, to the selective enrichment
media to suppress fungal overgrowth. This additionally suppressive media was used for all
sediment and chlorinated effluent samples collected from West Hickman WWTP in the
second part of our experiment.
Results from initial identification tests in our laboratory showed that all isolated
bacterial colonies from seven sampling events from the final chlorinated effluent of West
Hickman WWTP were negative for the presence of S. aureus, although there were
numerous bacterial colonies that grew in the suppressive media. This was concluded based
on our observations of negative results for oxidase and coagulase tests for all isolated
colonies. However, these CoNS, with negative oxidase and coagulase tests, were classified
as Staphylococcus warneri with RapIDTM STAPH PLUS System (REMEL Inc.) kits in
our laboratory. Two of these presumptive S. warneri isolates from two different sampling
days were selected, their DNA extracted and shipped for WGS. The results of sequence
verified their types as S. warneri.
The combined results of 13 sampling events from final chlorinated effluent of West
Hickman WWTP, during the first and the second round of sampling, demonstrates that this
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treatment facility effectively removes all S. aureus isolates before releasing its effluent to
West Hickman Creek. One sampling event was positive for the presence of MSSA in the
chlorinated effluent samples in the first round of sampling, but the recovery of MRSA was
negative. Also, the recovery of S. aureus from effluent in the second round of sampling
was consistently negative. Therefore, we can conclude that West Hickman WWTP effluent
is not a significant source of viable S. aureus for West Hickman Creek.
Table 5.7 summarizes all findings related to the presence of presumptive MSSA
and MRSA in sediment and effluent samples. Based on initial results of identification tests
(oxidase, coagulase, and ELISA tests) in our laboratory presumptive MRSA and MSSA
were identified in all sampling locations, except the effluent of West Hickman WWTP.

5/23/2019

WWTP

WH-Effluent

4/24/2019

Wastewater

4/10/2019

Veterans Park Creek

3/14/2019

Small Tributary
(upstream of VP)
West Hickman Creek
Upstream
(Upstream of VP)

S. aureus
Type

3/10/2019

Sampling Location

2/3/2019

Suburban
Sediments

Location
from
WWTP

Total
Positive
Sampling
Events
(%)

+
+
+
+
+
+
N/A
N/A
N/A

+
+
+
-

100
50
100
100
83
66
0
0
33

N/A -

16

Date

12/7/2018

Sample
Type

4/25/2019

Table 5.7 The Distribution of Presumptive MRSA and MSSA in Different
Locations in the Second Round of Sampling Events

MRSA
MSSA
MRSA
MSSA
MRSA
MSSA
MRSA
MSSA
MRSA

N/A
N/A
N/A
N/A
N/A
N/A
-

N/A
N/A
N/A
N/A
+
+
-

N/A
N/A
N/A
N/A
+
-

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
+
+
+

N/A
N/A
N/A
N/A
+
+
+

-

-

-

N/A

-

+

Rural
WH Creek
Downstream
Sediments
(Downstream of WWTP) MSSA

N/A: No Sample Was Collected │WH: West Hickman
VP: Veterans Park
WWTP: Wastewater Treatment Plant
These initial results demonstrate that suburban sediments upstream of the discharge
point of West Hickman WWTP contain more MRSA and MSSA in comparison with
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downstream. The constant presence of S. aureus in sediment samples at Veterans Park,
regardless of the weather conditions and overflow situations, reveals the potential of
sediments as an environmental reservoir of pathogenic bacteria like S. aureus contaminated
by human sources. In addition, these initial data show more prevalence of presumptive
MRSA in comparison with presumptive MSSA in sediment samples in different sampling
locations, suggesting a difference in environmental survival rates between MRSA and
MSSA. This observation is different from our previous data in sewage samples where more
prevalence of presumptive MSSA was recorded in sewage as compared to MRSA
(Amirsoleimani et al. 2019).
After processing all samples, ten isolated clonal colonies were selected, and their
DNA extracted. Then, all extracted DNA was shipped for WGS after PCR screening. The
results of PCR testing on the ten selected isolates were negative for the presence of the
femA gene related to S. epidermidis. However, we found genes from other staphylococcal
species like S. delphini and S. warneri. Also, three isolates were identified as containing
genomic material from E. faecalis, and one of these showed a mix of genes from S. aureus
and S. warneri.
The comparison of WGS data showed that our developed media was not providing
the same degree of S. aureus isolation for sediment samples in comparison with sewage
samples even with the addition of nalidixic acid and nystatin. Although the high
concentration of NaCl in mannitol salt agar is an inhibitory element for bacterial growth in
a lot of species, it cannot inhibit S. delphini growth because it can grow in saline
environments and use mannitol as a carbon source to produce acid. Table 5.8 summarizes
the general information related to the ten selected isolates.
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Table 5.8 Identification of Selected Isolates from Sediment Samples
Isolate
ID

Sample
Type

Location

Upstream/
Downstream
of WWTP

Veterans
Upstream
Park
Veterans
52
Sediment
Upstream
Park
Veterans
60
Sediment
Upstream
Park
Veterans
53
Sediment
Upstream
Park
West
56
Sediment
Downstream
Hickman
WH54
Wastewater
WWTP
Effluent
WH55
Wastewater
WWTP
Effluent
Veterans
57
Sediment
Upstream
Park
West
58
Sediment
Downstream
Hickman
West
59
Sediment
Downstream
Hickman
WWTP: Wastewater Treatment Plant
Note: All four bacteria were isolated on multiple
from sediment samples.
51

Sediment

Date

Identification
by WGS

2/3/2019

S. aureus

4/24/2019

S. aureus

4/24/2019

S. aureus

3/10/2019

S. delphini

4/10/2019

S. delphini

3/10/2019

S. warneri

3/14/2019

S. warneri

4/10/2019

E. faecalis

4/24/2019

E. faecalis

4/24/2019

E. faecalis

dates with the majority isolated

Among eight isolates from sediment samples, five of them were classified as
staphylococcus species (62.5 percent) and all of them were coagulase positive. Three out
of eight isolates were E. faecalis (37.5 percent). Among the five sediment staphylococcus
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species, 40 percent were S. delphini and 60 percent of isolates were S. aureus. The signal
of coagulase positive staphylococcus species presence in our sediment samples (62.5
percent) in this suburban creek was more than the recorded signal, 6.85 percent, recovered
by Basso et al. (2014) in polluted waters of Diluvio stream in Porto Alegre, Brazil. The
prevalence of coagulase positive staphylococcus species was similar for both studies (16.66
percent). Also, it seems that the coagulase positive staphylococcus species have a stronger
recoverable signal in sediment compared to polluted water. The reason could be related to
the development of biofilm around sediment which helps bacterial survival by protecting
them from environmental stresses (Basso et al. 2014).

MLST-Typing of S. aureus in Sediment Samples
Of the ten selected isolates, only three were identified as S. aureus. MLST results
showed that all three S. aureus isolates belonged to CC8. Isolate #51 typed as ST1750,
which is a SLV of ST8. Isolates #52 and #60 were classified as ST72, a TLV of ST8 (Table
5.9). Both variant types had been found in the sewage isolates prior.
Table 5.9 MLST Typing of S. aureus Isolates from Sediment Samples
Isolate #

STType

arcC

aeoE

glpF

gmk

pta

tpi

yqil

Reference
51
52
60

8
1750
72
72

3
3
1
1

3
3
4
4

1
1
1
1

1
1
8
8

4
4
4
4

4
4
4
4

3
183
3
3

Among the three S. aureus isolates, only isolate #51 (CC8-ST1750) was positive
for the presence of the mecA gene and identified as MRSA. Two other isolates belonging
to CC8-ST72 (isolate #52 and #60) did not carry the mecA gene and they were identified
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as MSSA. We did not isolate a CC5-ST5, which was the predominant type in sewage,
from sediment samples. The classic CC8-ST8 was not isolated from sediment samples
either, only the CC8 variants were found persisting in the sediment and biofilm of the
creek.
5.3

Prevalence of Clonal Complex in all Samples
Prior MLST typing on the results from WGS showed that both CC5 and CC8 S.

aureus were present in sewage inlet samples from both WWTPs. These results are
summarized in Table 5.10. As mentioned previously, only CC8 types persisted in the
sediments. The initial part of our results rejected one of our original hypotheses related to
the higher prevalence of pathogenic S. aureus in hospital-dominated sewage (Town Branch
WWTP), since the received signal of S. aureus was higher in inlet sewage samples from
suburban West Hickman WWTP. Also, isolates belonging to CC5 and CC8 were found in
both WWTPs regardless of the hospital density in their sewersheds. Based on this
observation, we concluded that the sources of contamination were spread across the whole
city and there are not any correlations between the presence of CC5 and CC8 in the sewage
with the number of hospitals in the sewershed. Sewage isolates CC5 were typed as ST5.
However, isolates in CC8 were classified as ST8, ST1750 and ST2642 (SLVs of ancestral
genotype of ST8), and ST72 (TLV of ST8).
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Sample Isolate
Type
ID
SA2
SA7
SA13
SA4
SA14
SA15
SA18
SA1
WW
SA6
SA8
SA11
SA16
SA3
SA5
SA9
SA12
SA10
51
Sedi
52
60
54
WW
55
53
56
Sedi
57
58
59

Table 5.10 Characteristics of Sewage and Sediment Isolates
Location
TB-Influent
WH-Sedimentation Tank
TB-Influent
WH-Influent
WH-Influent
WH-Influent
WH-Effluent
TB-Influent
WH-Influent
WH-Sedimentation Tank
WH-Influent
WH-Sedimentation Tank
TB-Influent
WH-Influent
WH-Influent
WH-Influent
WH-Influent
VP-Sediment
VP-Sediment
VP-Sediment
WH-Effluent
WH-Effluent
VP-Sediment
WHC-Sediment
VP-Sediment
WHC-Sediment
WHC-Sediment

Date
2.10.17
2.16.17
6.26.17
2.10.17
6.26.17
6.26.17
6.26.17
2.10.17
2.10.17
2.16.17
2.24.17
6.26.17
2.10.17
2.10.17
2.24.17
2.24.17
2.24.17
2.03.19
4.24.19
4.24.19
3.10.19
3.14.19
3.10.19
4.10.19
4.10.19
4.24.19
4.24.19

Bacterial
STGenome
CC
mecA
type
size
Species
S. aureus 59 59
- 2,738,216
S. aureus
5
5
+ 2,830,652
S. aureus
5
5
- 3,044,920
S. aureus
5
5
- 2,730,977
S. aureus
5
5
- 2,879,664
S. aureus
5
5
- 2,842,038
S. aureus
5
5
- 2,960,154
S. aureus
8
8
+ 2,869,764
S. aureus
8
8
+ 2,877,021
S. aureus
8
8
- 2,807,634
S. aureus
8
8
+ 2,891,576
S. aureus
8
8
+ 2,875,847
S. aureus
8 1750 + 2,989,750
S. aureus
8 1750 + 3,011,809
S. aureus
8 2642 + 2,786,085
S. aureus
8 2642 + 2,786,169
S. aureus
8 72
+ 2,950,959
S. aureus
8 1750 + 2,806,099
S. aureus
8 72
- 7,553,506
S. aureus
8 72
- 5,557,505
5,212,298
S. warneri
N/A
N/A
2,545,481
S. warneri
S. delphini
2,608,410
N/A
N/A
S. delphini
2,682,656
E. faecalis
5,567,294
N/A
N/A
E. faecalis
5,717,437
E. faecalis
8,570,825

WW: Wastewater │ Sedi: Sediment │VP: Veterans Park
TB: Town Branch │WH: West Hickman │WHC: West Hickman Creek
N/A: Not applicable

The second round of results related to sediment samples provide a different variety
of the sequence types (STs) found. No isolates belonged to the CC5 group that is a
prevalent type of S. aureus found and transmitted in hospitals and infant care centers.
Among the ten selected isolates, only three of them were identified as S. aureus, and all of
them belonged to CC8. However, their ST-types were not the classic ancestral genotype of
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ST8, the USA300 community spread MRSA. They were variants; one isolate was typed as
CC8-ST1750 (SLV of ST8) and was positive for the mecA gene. Two others were classified
as CC8-ST72 (TLV of ST8) without the presence of the mecA gene, and therefore were
MSSA.
Combining these two series of data suggests that CC5 isolates do not survive as
well in the stream sediment environment as CC8 isolates. However, CC8 variants that
differ from the classic ST8 (USA300) appear to survive in the sediment longer than other
CC8. While this is based on only a few samples, it appears that the classic CC8-ST8 would
not be the dominant type of S. aureus found in sediments contaminated by past sewage
pollution events. S. delphini, which does not carry the mecA gene persisted in the
environment and were found downstream and upstream of WWTP effluent with one-month
difference. This is suggestive of a continuous presence of S. delphini in the environment,
without a sewage-associated source.
S. warneri was not found in sediments, but it was isolated from the chlorinated
effluent of West Hickman WWTP. This suggests that S. warneri did not persist long in
sediments like S. aureus CC8-ST8 and CC5; although, S. aureus CC8-ST8 and CC5 were
constantly present in raw sewage and treated sewage.
E. faecalis was found upstream and downstream of West Hickman effluent with
two weeks difference in sample dates. Initial results of WGS on the isolates of E. faecalis
showed that these isolates were closely intertwined with S. aureus isolates. For these three
isolates we had a mixture of genes for S. aureus and E. faecalis. As we know that S.
epidermidis and S. aureus co-grow in the nasal habitat, this suggests that S. aureus and E.
faecalis may co-grow in biofilms and not be separated by streaking on suppressive agars.
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The genome size range of sewage isolates was between 2,730,977 to 3,044,920.
However, the genome size of sediment isolates has a wider range of 2,545,481 to
8,570,825, maybe because of acquisition of accessory genes in the environment, or cogrowing with another organism. However, we do not have enough data to support a finding.
For genetic analysis in next sections, three reference isolates from clinical settings
were considered in addition to our sewage and sediment isolates. These three isolates were
added to all tables and considered for comparison of the carriage of resistant genes by pure
hospital isolates and environmental isolates. These differences may provide clarification
about bacterial adaptation in environmental conditions which are different from those
found in clinical settings.
The information related to those three reference isolates were summarized in Table
5.11. Isolate N315 is typed as a CC5-ST5 and is a known progenitor cell of a clinically
sourced, hospital-acquired MRSA. This isolate carries all virulent and resistant genes of a
clinical pathogen including the mecA gene for antibiotic resistance carried on SCC cassette.
USA300 is another clinical isolate belong to CC8-ST8 with ACME cassette carriage and
it is recognized as the cause of community-acquired MRSA in the United States, Canada,
and Europe. The COL strain is CC8-ST8 and considered as an ancestral hospital-acquired
MRSA that was dominant prior to the USA300 community spreading strain. It was reported
isolated from a British hospital in 1961 (Diep et al. 2006).
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Name

CC

Table 5.11 Information Related to the Reference Isolates
STOrigin
Accession #
Type

N315

5

5

Pure Hospital-Acquired MRSA

BA000018

USA300

8

8

Archetype of CA-MRSA (Pure Clinical
Community-Acquired MRSA)

CP000255

COL

8

8

Ancestral Hospital-Acquired MRSA

CP000046

5.4

The Assessment of the pvl Gene and the spa Typing
The presence of the virulence factor, PVL in isolates was investigated by

considering two genes in the lukPV operon. This operon includes two subunits, the LukSPV and the LukF-PV genes and the LukF-PV gene always follows the LukS-PV gene.
The BLAST analysis was performed by comparing the sequences of these two
genes (downloaded from the Gen Bank in NCBI website) with the similar sequence in a
part of the DNA of all isolates. The decision for the presence of these two genes was made
by considering the E-values of the BLAST analysis. E-values equal to zero showed that
the similarity did not occur by chance. For PVL presence, we decided to consider the Evalues equal to zero in both LukS-PV and LukF-PV genes. Table 5.12 summarizes our
analysis for the presence of the pvl gene. In this table, a column was added to show the
available results of qPCR for sewage isolates, which was done in the genomic lab in
Switzerland before the WGS.
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SA2
59 59
5×10-85 -87
SA7
5
5
+
3×10
-89
SA4
5
5
6×10
SA14
5
5
+ 6×10-89 -89
SA13
5
5
7×10
-89
SA15
5
5
6×10
-89
SA18
5
5
7×10
-89
N315
5
5
6×10
-82
Ref. COL
8
8
3×10
USA300 8
8
0
+
-82
WW SA8
8
8
3×10
WW SA1
8
8
+ + +
0
+
WW SA6
8
8
+ +
3×10-82 WW SA11
8
8
+
+ 3×10-82 WW SA16
8
8
+ +
3×10-82 WW SA9
8 2642 +
+
0
+
WW SA12
8 2642 +
+
0
+
-82
WW SA3
8 1750 + +
3×10
-82
WW SA5
8 1750 + +
3×10
-82
Sedi 51
8 1750
3×10
-85
WW SA10
8
72 +
1×10
-85
Sedi 52
8
72
4×10
-85
Sedi 60
8
72
3×10
WW 54
S. warneri
WW 55
Sedi 53
S. delphini
Sedi 56
-82
Sedi 57
6×10
Sedi 58
E. faecalis
Sedi 59
WW: Wastewater │Ref.: Reference │Sedi: Sediment
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Presence

WW
WW
WW
WW
WW
WW
WW

LukF-PV
E-value

ST

Presence

CC

E-value

ID

PVL PCR

LukS-PV
ACME PCR

Type

mecA

Type of Sample

Table 5.12 Assessment of PVL Presence in All Isolates
PVL
Based
on Evalues

5×10-85
0
0
0
-149
2×10
0
0
0
0
0
0
0
0
0
0
0
0
8×10-148
0
8×10-148
0
1×10-145
7×10-146
2×10-147
-

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
-

Our BLAST analysis showed that between three reference isolates, USA300 was
positive for PVL presence since the E-values for both the LukS-PV and LukF-PV genes
were equal to zero. Two other reference isolates, N315 and COL, were negative for LukSPV gene and positive for LukF-PV gene (E-value=0).
Results of the BLAST analysis done at the University of Kentucky had some
discrepancies with the qPCR assay done in the Geneva labs as seen for isolates SA11 and
SA14. Based on qPCR test, these two isolates were positive for the presence of PVL.
However, they were negative by considering BLAST parameters because the E-values for
LukS-PV gene did not equal to zero. These discrepancies happened because the target in
qPCR assay is a small segment of the DNA and considering the small part of the DNA is
one of the limitations for qPCR method which can cause a lot of false-positive results.
However, the BLAST analysis considers the whole sequence of DNA.
Based on the presented BLAST parameters in Table 5.12, it seems that parts of both
LukS-PV and LukF-PV genes were carried simultaneously by all S. aureus isolates (not by
S. warneri and S. delphini isolates), and found in the one mixed isolate of E. faecalis
(isolate #57). To establish a strong claim about the PVL presence, the decision was made
by considering E-values equal to zero. Based on this decision, we neglected small E-values
and just considered zero E-values. Therefore, 3 out of 27 isolates, SA1 (Town Branch
influent), SA9, and SA12 (West Hickman influent), were positive for the presence of
complete PVL genes. All these three isolates were found in influent samples, and they
belong to CC8; SA1 is ST8, but SA9 and SA12 are ST2642 (SLV of ST8). For all three
sediment isolates (#51, #52, and #60), the signal of LukS-PV gene is not strong enough for
considering it positive for the presence of PVL. Therefore, the prevalence of the complete
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PVL gene in S. aureus in our current research is 15 percent (3 out of 20 S. aureus isolates).
All MSSA isolates were negative for the presence of PVL virulence factor, in agreement
with O’Hara et al. findings (O'Hara et al. 2016).
The type of staphylococcus protein A (spa) for all isolates was summarized in Table
5.13. Among three reference isolates, N315 from CC5-ST5, the hospital-acquired MRSA,
had t002 type and two other community-acquired MRSA found in clinical setting, COL
and USA300, with CC8-ST8 type had t008 spa protein. A single S. aureus isolate
belonging to CC59-ST59 had a different spa type, t437 in comparison with other S. aureus
isolates. The diversity of spa protein types between isolates belonging to CC8 was more
than isolates in CC5. All isolates in CC5-ST5 except one (SA7) had t002 spa protein. This
unique isolate with the different spa protein type, t688, was found in West Hickman
sedimentation tank effluent and identified as MRSA because of the presence of the mecA
gene. The spa type of two isolates in CC8-ST8, SA6 and SA16, was unknown. The other
three isolates, SA8, SA1, and SA11, had three different spa types, t6671, t1578, and t008.
All four isolates in ST1750 and ST2642, SLV of ST8, had the same spa protein, t008. One
out of three ST72 (TLV of ST8) isolates were identified as t2703. Also, the spa analysis
identified the spa type of one E. faecalis isolate as t008, However, this would be the type
of the co-growing S. aureus in this multi-bacteria isolate.
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Table 5.13 spa Types for All Isolates

Type
Isolate
Spa
of
CC ST mecA
ID
Type
Sample
WW
SA2
59
59
t437
WW
SA7
5
5
+
t688
WW
SA4
5
5
t002
WW
SA14
5
5
t002
WW
SA13
5
5
t002
WW
SA15
5
5
t002
WW
SA18
5
5
t002
Ref.
N315
5
5
+
t002
Ref.
COL
8
8
+
t008
Ref.
USA300 8
8
+
t008
WW
SA8
8
8
t6671
WW
SA1
8
8
+
t1578
WW
SA6
8
8
+
unknown
WW
SA11
8
8
+
t008
WW
SA16
8
8
+
unknown
WW
SA9
8 2642
+
t008
WW
SA12
8 2642
+
t008
WW
SA3
8 1750
+
t008
WW
SA5
8 1750
+
t008
51
8 1750
+
t008
Sedi
SA10
8
72
+
t2703
WW
Sedi
52
8
72
unknown
Sedi
60
8
72
unknown
WW
54
S. warneri
N/A
WW
55
S. warneri
N/A
Sedi
53
S. delphini
N/A
Sedi
56
S. delphini
N/A
Sedi
57
E. faecalis
t008*
Sedi
58
E. faecalis
N/A
Sedi
59
E. faecalis
N/A
*Mixed isolate of S. aureus with E. faecalis
WW: Wastewater
Ref.: Reference
Sedi: Sediment
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Based on the spa analysis in this study, between 20 S. aureus isolates, 20 percent
(4 out of 20) were not identified with a specific spa type, 30 percent (6 out of 20) of isolates
were recognized with spa protein t008, and 25 percent (5 out of 20) of isolates had t002
spa protein. Five other isolates were detected with different spa types. The higher
frequency of two spa types, t008 and t002, in this study was similar to previous studies by
other researchers (Fenner et al. 2008; O'Hara et al. 2016).
The spa type of isolates in other studies are more diverse. Based on the investigation
conducted by Börjesson et al. (2010) in Gothenburg, Sweden, a wide variety of spa types
(29 types of spa proteins) were identified in isolated clones from different sewage samples
(Börjesson et al. 2010). Two spa types, t002 and t008, were common in our study and these
two spa types were identified more in comparison with other isolates.
5.5

Results of Metal Resistance Analysis
All results of BLAST analyses were summarized in one table for all of the sewage

and sediment isolates to provide a quick overview about how environmental staphylococci
and enterococci isolates carry metal resistant genes.
The presence of copper, arsenic, and cadmium resistant genes for all sewage,
sediment, and three reference isolates were summarized in Table 5.14 based on BLAST
nucleotide analysis of their WGS results. All sewage and sediment isolates and all three
reference isolates were negative for the presence of mercury resistant genes (merA, merB,
and merR), so this will not be discussed further.
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Table 5.14 BLAST Results for Assessing the Presence of Metal Resistance Gene in all Isolates

50462574

50461525

cadA (E.F)

cadA (E.F)

+
+

45575879

+

14484798

+

cadA (S.A)

+

cadX (S.A)

+

17363254

+
+

45448550

+

+
+
+

cadD (S.A)

+
+
+

arsC (S.D)

+

3978621

+
+
+
+

arsC (S.A)

+

45574081

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

58448551

+

arsC (S.A)

3978620
arsB (S.A)

+

+

+

+
+
+

+
+
+

+

+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+

+
+

+
+

+
+

+

+
+
+

+
+
+

+
+
+

Human Activities
Cadmium

arsB (S.D)

+
+
+

50460660

50460466
copY-TcrY (E.F)

+
+

arsR (E.F)

45575249
mco (S.A)

+
+
+
+

45575885

52196579
csoR (S.D)

+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

3978622

14478302
csoR (S.W)

+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

arsR (S.A)

45575248
csoR (S.A)

+
+
+
+
+
-

arsR (S.A)

14477830
copZ (S.W)

+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

SAW-RS04330 (E.F) 50461003

45575708
copZ (S.A)

E.faecalis

45575876

S.delphini

5774842

S.warneri

copB (S.A)

59
5
5
5
5
5
5
5
8
8
8
8
8
8
8
2642
2642
1750
1750
1750
72
72
72

copA (S.A)

59
5
5
5
5
5
5
5
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

Gene ID
ST-Type

SA2
SA7
SA4
SA14
SA13
SA15
SA18
N315
COL
USA300
SA8
SA1
SA6
SA11
SA16
SA9
SA12
SA3
SA5
51
SA10
52
60
54
55
53
56
57
58
59

pvl

CC-Type

WW
WW
WW
WW
WW
WW
WW
Ref.
Ref.
Ref.
WW
WW
WW
WW
WW
WW
WW
WW
WW
Sedi
WW
Sedi
Sedi
WW
WW
Sedi
Sedi
Sedi
Sedi
Sedi

mecA

Isolate ID

106

Sample Type

Source of the Metals in the Environment
Natural Sources and Human Activities
Natural Sources and Human Activities
Copper
Arsenic

+

+
+
+
+

+
+
+
+

+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+

+
+

+
+
+

+

+

+
+
+

+
+

WW: Wastewater │Ref.: Reference │Sedi: Sediment │S. A: S. aureus │ S.W: S. warneri │ S.D: S. delphini │ E.F: E. faecalis

A quick scan of Table 5.14 demonstrates the significant difference between isolates
in CC8 and CC5 groups for the carriage of metal resistant genes. It seems that
environmental isolates in CC8 carry more metal-resistant genes than environmental
isolates in CC5 family and the three clinical hospital reference isolates. Also, all S. aureus
and three reference isolates were positive for the carriage of the copA, copZ, csoR, and
arsB genes. However, they have different profiles in carrying other resistant genes, which
will be discussed in more details in following sections.
Of all the S. aureus isolates, the unique SA2 isolate (CC59-ST59) from sewage was
positive for all copper-resistant genes, except the copB genes (common in invasive types
of S. aureus), all arsenic-resistant genes, and all cadmium-resistant genes except cadA. This
distinct pattern in the broad-spectrum carriage of multiple metal-resistant genes could be
related to a different origin of SA2. This claim is made since the presence of multiple heavy
metal-resistance genes could reflect adaptation to a living environment with a continuous
presence of toxic levels of metals.
Our individual metal comparisons will start with copper resistance genes since
copper presence is common in soils and sediments in the environment. Then, we will
continue with arsenic that is present in our environment from natural sources and human
activities. Finally, we will finish with cadmium, which is present in the environment
primarily due to human activities.

Concentration of Copper, Arsenic, and Cadmium in WWTPs
The average concentrations of copper, arsenic, and cadmium in raw influent and
fully treated sewage in both WWTPs for two sampling events are summarized in Table
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5.15. In general copper was in greater concentration than arsenic, which was in greater
concentration than cadmium.

Table 5.15 Average Concentration of Copper, Arsenic, and Cadmium in Influent
and Effluent of Two WWTPs
Town Branch
West Hickman
Metal
WWTP
WWTP
Time
Concentration
Raw
Effluent
Raw
Effluent
Copper (mg/l)
0.0275 0.0045 0.0705 0.0015
January to June
Arsenic (mg/l)
0.00085
0.00075
2017
Cadmium (mg/l) <0.0001 <0.0001 <0.0001 <0.0001
Copper (mg/l)
0.0135
0.003
0.0195
0.003
January to June
Arsenic (mg/l)
0.0005
0.0007
2019
Cadmium (mg/l) <0.0001 <0.0001 <0.0001 <0.0001
WWTP: Wastewater Treatment Plant
EPA provides some recommendations about the concentration of these metals in
freshwater for supporting aquatic life. For copper, there is not any recommended values.
However, the criterion maximum concentration (CMC) for arsenic and cadmium were 0.34
and 0.0018 mg/l, respectively (Environmental Protection Agency 2016). The maximumcontaminant level goal (MCLG) of copper, arsenic, and cadmium in drinking water are 1.3
mg/l, 0, and 0.005 mg/l, respectively based on the EPA regulations. Also, based on the
EPA regulations the maximum-contaminant level (MCL) in drinking water for copper,
arsenic, and cadmium are 1.3 mg/l, 0.01 mg/l, and 0.005, respectively (Environmental
Protection Agency).
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Copper Resistance Genes in All Isolates
The presence of copper is critical for bacterial activities. However, bacteria use
copper-resistant genes for surviving in toxic conditions where copper concentrations are
elevated. The copper exposure should be reflected in the genes present in the bacteria in
the environment (Gaetke et al. 2014). Table 5.16 shows the results of the BLAST analysis
assessing the presence of copper-resistant genes in all isolates.
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Table 5.16 Presence of Copper Resistant Genes in All Isolates

45575708

14477830

45575248

14478302

52196579

45575249

50460466

copZ (S.A)

copZ (S.W)

csoR (S.A)

csoR (S.W)

csoR (S.D)

mco (S.A)

copY-TcrY (E.F)

SAW-RS04330 (E.F) 50461003

E.faecalis

45575876

S.delphini

copB (S.A)

S.warneri

5774842

59
5
5
5
5
5
5
5
8
8
8
8
8
8
8
2642
2642
1750
1750
1750
72
72
72

copA (S.A)

ST-Type

59
5
5
5
5
5
5
5
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

Gene ID
CC-Type

SA2
SA7
SA4
SA14
SA13
SA15
SA18
N315
COL
USA300
SA8
SA1
SA6
SA11
SA16
SA9
SA12
SA3
SA5
51
SA10
52
60
54
55
53
56
57
58
59

pvl

Isolate ID

WW
WW
WW
WW
WW
WW
WW
Ref.
Ref.
Ref.
WW
WW
WW
WW
WW
WW
WW
WW
WW
Sedi
WW
Sedi
Sedi
WW
WW
Sedi
Sedi
Sedi
Sedi
Sedi

mecA

Sample Type

Source of the Metals in the Environment
Natural Sources and Human Activities
Copper

+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
+
-

+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+

+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+

+
+

+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+

+
+
+
+

+

+

+

+

+
+

WW: Wastewater │Ref.: Reference │Sedi: Sediment
S. A: S. aureus │ S.W: S. warneri │ S. D: S. delphini │ E. F: E. faecalis
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All S. aureus isolates from sewage and sediment were positive for the carriage of
the copA, copZ (specific gene of S. aureus), and csoR (specific gene of S. aureus) genes
regardless of their clonal complex and ST-types. The consistent presence of these three
genes in all S. aureus isolates was mentioned by other researchers (Baker et al. 2011;
Sitthisak et al. 2007). The presence of these three genes were positive for the three
reference isolates (N315, COL, USA300), as well.
However, the presence of the copB gene (copper transporting P-type ATPase gene
of S. aureus), common in invasive types of S. aureus isolates, was observed in only seven
S. aureus isolates. Six of them (SA1, SA3, SA5, SA6, SA11, and SA16) were sewage
isolates and one of them (isolate #60) was a sediment isolate. All these seven isolates
belong to CC8 group, but with different ST-types. SA1, SA6, SA11, and SA16 are ST8,
SA3 and SA5 are ST1750, and isolate #60 is ST72. Between three reference isolates, only
the community spread associated USA300 (CC8-ST8) carried the copB gene. Between the
environmental isolates of single locus variant ST8, two of them, SA9 and SA12 (CC8ST2642) were negative for the presence of copB gene. This S. aureus originated gene was
not detected in S. delphini or E. faecalis, but it was in S. warneri, showing gene transfer
between these two staphylococci species.
Three isolates were typed as ST1750, a SLV of ST8. Among these three isolates,
the two of them found in influent samples, one in Town Branch (SA3) and one in West
Hickman (SA5), were positive for the copB gene and the other ST1750 clone (isolate #51)
from Veterans Park sediment was negative for the presence of the copB gene.
Three identified ST72 isolates, a TLV of ST8, did not have the same pattern for
carrying the copB gene. Two of them were negative for the copB gene, one isolate (SA10)
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from the sewage and one isolate (isolate #52) from Veterans Park sediments. Only isolate
#60 from Veterans Park sediments carried the copB gene. So, copB carriage among CC8
was variable, while carriage of copB was not seen in CC5 or S. delphini, but it was in S.
warneri. Generally, the pattern of carrying copper-resistant genes in the clinical reference
isolates were similar to the environmental isolates belonging to CC5-ST5.
Two S. warneri clones isolated from the chlorinated effluent of West Hickman
WWTP were positive for the presence of the copB gene (the common copper-transporting,
P-type, ATPase gene found in invasive types of S. aureus). This indicates that West
Hickman treatment facility released S. warneri isolates with metal-resistant genes obtained
from S. aureus (like copB) into the environment. This establishes a bridge between sewage
influent and effluent with S. aureus resistance genes being carried by S. warneri out into
the receiving stream.
Considering the csoR gene, it looks like S. warneri isolates also carry the specific
csoR gene of S. aureus isolates, and S. aureus isolates (isolates #51, #52, and #60) carry
specific csoR gene of S. warneri. This observation would lead one to think that S. aureus
and S. warneri can share more copper-resistant genes, but it needs to be further
investigated. It may not be that these genes are being actively shared, but that the genes in
these species have much in common.
For analyzing the meaning of the presence of copper resistance genes, three csoR
genes were downloaded from Gene Bank in NCBI website, one for S. aureus, one for S.
warneri, and one for S. delphini. Table 5.17 shows the E-values for comparing the csoR
specific gene of S. aureus, S. warneri, and S. delphini.
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Table 5.17 E-values for Comparing csoR Genes of S. warneri, S. aureus, and S. delphini
Blast Parameter
Comparison Between csoR Genes of
E-value
S. aureus (ID45575248)

vs

S. warneri (ID14478302)

S. delphini (ID52196579) vs

S. warneri (ID14478302)

S. aureus (ID45575248)

vs S. delphini (ID52196579)

4×10-70
No Significant
Similarity
No Significant
Similarity

The recorded E-value in this part indicates wether the similarity of sequences in
two csoR genes between two different staphylococcus happens by chance or not. If the Evalue equals to zero, it means that the similarity between two sequences does not happen
by chance. As showed in Table 5.17, the csoR genes of S. warneri and S. aureus in the
database have some similarity (E-value =4×10-70), and this is thought to be related to a
common source. However, there is not any similarity between the recorded csoR genes of
S. delphini and S. warneri. In addition, there is not any significant similarity between the
csoR specific genes of S. aureus and S. delphini.
The E-values 1 of the BLAST analysis for comparing the csoR specific gene of S.
aureus, S. warneri, and S. delphini (downloaded from the Gene Bank) with a sequence of
DNA-encoded csoR gene in sediment S. warneri isolates #54 and #55 are summarized in
Table 5.18. Here, the lower E-values indicate that the similarity between the downloaded
csoR gene from the Gene Bank and the DNA sequence of S. warneri isolates did not happen
by chance.

1

In BLAST analysis, the expect value (E) is used to assess the results. As described by NCBI website, Evalue is “the number of hits by chance”. E-value equal to zero means that the similarity does not happen by
chance (National Centre for Biotechnology Information.).
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Table 5.18: E-values for Comparing Two S. warneri and Three csoR Genes
csoR S. aureus csoR S. warneri csoR S. delphini
S. warneri ID
(ID45575248)
(ID14478302)
(ID52196579)
#54
8×10-66
2×10-155
5×10-147
-66
-155
#55
4×10
1×10
As shown in Table 5.18, the E-value comparing the csoR specific gene of S.
warneri with the DNA sequence in isolate #54 is very small (2×10-155). This means that
isolate #54 carries the csoR specific gene of S. warneri. The BLAST analysis between
csoR specific gene of S. delphini and the DNA sequence of isolate #54 also resulted in a
small E-value (5×10-147). So, isolate #54 is carrying two csoR genes, one of them adopted
from S. delphini. Based on the reported results in Table 5.17, there is no significant
similarity between the csoR specific gene of S. delphini and the csoR specific gene of S.
warneri. However, the E-value of 5×10-147 indicates that the similarity between csoR
specific gene of S. delphini and a part of DNA in isolate #54 did not occur by chance.
There was gene transfer between S. delphini and S. warneri.
The BLAST analysis similarity between the downloaded sequence of the csoR
specific gene of S. aureus from the Gene Bank and the DNA sequence of isolate #54
suggests acquiring of csoR specific gene of S. aureus by isolate #54. However, this
similarity is not as strong as the two previous ones due to bigger E-value (8×10-66). In
fact, it is similar to the value found for a comparison between the csoR specific genes of
S. aureus and S. warneri from the database (4×10-70). This indicates that isolate #54
likely started with the csoR specific gene of S. warneri that is similar in sequence to that
of S. aureus. Comparison of E-values shows that isolate #54 carried S. warneri specific
csoR gene as well as S. delphini specific csoR gene (2×10-155 < 5×10-147).
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As shown in Table 5.18, the DNA of isolate #55 contained the sequence gene of
the csoR specific gene of S warneri (E-value=1×10-155). Isolate #55 looked like it carried
the csoR specific gene of S. aureus, but this is because of the similarity between the two
genes. The similarity of the csoR specific gene of S. warneri to the DNA sequence of
isolate #55 is higher in comparison with csoR specific gene of S. aureus, while the
smaller E-value for the csoR specific gene of S. aureus is 4×10-66, showing only a
commonality between the genes, not acquisition of new genes. Comparing the E-value of
4×10-66 to the E-value in Table 5.17 (4×10-70) indicates that isolate #55 carried some parts
of the csoR specific gene of S. aureus in the sequence of the csoR specific gene of S.
warneri. Clearly, genes have been shared within the staph group in the past for this
similarity in sequences to occur.
Table 5.19 summarizes the BLAST results for three S. aureus sediment isolates
#51, #52, and #60 that were positive for the presence of the csoR gene of S. aureus. One
of them (isolate #52) was weakly positive for the csoR specific gene of S. delphini.
Table 5.19: E-values for Comparing Three S. aureus Isolates and csoR Genes
csoR S. aureus csoR S. warneri csoR S. delphini
S. aureus ID
(ID45575248)
(ID14478302)
(ID52196579)
#51
1×10-155
4×10-66
-155
#52
3×10
1×10-65
5×10-64
#60
3×10-155
8×10-66
Isolates #51, 52, and 60 carried the csoR gene of S. aureus. The E-values for
measuring the chance of similarity between the DNA sequence of isolates #51, #52, and
#60 and the csoR specific gene of S. aureus (downloaded from Gene Bank) were small. All
measured E-values (1×10-155, 3×10-155, and 3×10-155) were small and indicated that the
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detected similarities between the csoR specific gene of S. aureus and parts of the DNA
sequence in isolates #51, #52, and #60 did not happen by chance.
Comparing the DNA sequence of isolates #51, #52, and #60 with the csoR specific
gene of S. warneri (downloaded from Gene Bank) indicated some similarities in the
sequence of these genes, but not total or recent adoption of the gene by the bacteria. The
E-values are larger and close to those known to be indicative of similarities between these
genes (4×10-66, 1×10-65, and 8×10-66). So, these three isolates (#51, #52, and #60) were not
adopting the csoR specific gene of S. warneri from other isolates in the environment, but
merely carrying genes that presumably had a shared origin in the past.
Sediment isolate #52 was positive for the csoR specific gene of S. delphini. As
showed previously in Table 5.17, the downloaded sequence of the csoR specific gene of S.
aureus and S. delphini from the Gene Bank do not have any similarities. However,
sediment isolate #52 has partially encoded the csoR gene of S. delphini in its DNA and the
E-value was 5×10-64 for that similarity.
Based on presented data for csoR gene, it seems that S. aureus can adopt genes
related to S. warneri and S. delphini, and S. warneri can adopt genes from S. aureus and S.
delphini. However, two sediment isolates of S. delphini did not carry specific genes of other
staphylococcus isolates, showing a resistance to adopting genes from these other species.
Two S. delphini isolates, #53 from Veterans Park sediment and #56 from West Hickman
sediment were only positive for the presence of the csoR specific gene of S. delphini (Table
5.20).
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Table 5.20 E-values for Comparing Two S. delphini Isolates and the csoR Genes
S. delphini
ID

csoR S. aureus
(ID45575248)

csoR S. warneri
(ID14478302)

csoR S. delphini
(ID52196579)

#53

N/A

N/A

3×10-147

#56

N/A

N/A

6×10-149

N/A: These genes were not detected in nucleotide sequence of isolates #53 and #56.
We recorded the presence of this specific gene (ID52196579) in one S. aureus
isolate (#52), one S. warneri isolate (#54) and two E. faecalis isolates (#58 and #59). Based
on our observations, S. delphini does not appear to readily accept copper resistance genes
from other staphylococcus species, or from E. faecalis. In general, S. delphini is lacking in
copper resistance genes when compared to the other bacteria that are known to be human
pathogens. The recorded E-values in Table 5.20 measuring similarities between isolates
#53 and #56 and the nucleotide sequence of the csoR specific gene of S. delphini
(downloaded from Gene Bank) were 3×10-147 and 6×10-149 times, respectively. These very
small values indicated that these similarities did not happen by chance.
Among the sediment isolates #57 (Veterans Park), #58, and #59 (both from West
Hickman sediments) of E. faecalis, isolate #57 was positive for the presence of copA, copZ,
csoR of S. aureus. However, this is likely due to the co-growing S. aureus in this isolate
and not much can be said from this mixed isolate except that even the most stringent
streaking procedures cannot assure a single bacteria colony.
The two other isolates (#58 and #59) of E. faecalis carried the csoR specific gene
of S. delphini like the sewage isolate #52 (S. aureus) and isolate #54 (S. warneri). However,
S. aureus, S. warneri, and S. delphini isolates were negative for the presence of specific
copper resistant genes of E. faecalis (SAW-RS04330 and copY-TcrY). This means that E.
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faecalis isolates are not readily sharing their specific genes with staphylococcus species,
but they are readily acquiring copper resistance genes from staphylococcus species.

Arsenic Resistance Genes in All Isolates
Arsenic is not a required metal for bacterial activities and has toxic effects.
Therefore, bacteria use the hydrolysis of ATP as a resistant mechanism against elevated
level of arsenic in the environment (Podol'skaia et al. 2002). Table 5.21 summarizes the
presence of arsenic resistance genes in all isolates.
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Table 5.21 Presence of Arsenic Resistant Genes in all Isolates

50460660

3978620

58448551

45574081

3978621

45448550

arsR (E.F)

arsB (S.A)

arsB (S.D)

arsC (S.A)

arsC (S.A)

arsC (S.D)

E.faecalis

45575885

S.delphini

arsR (S.A)

S.warneri

3978622

59
5
5
5
5
5
5
5
8
8
8
8
8
8
8
2642
2642
1750
1750
1750
72
72
72

arsR (S.A)

ST-Type

59
5
5
5
5
5
5
5
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

Gene ID
CC-Type

SA2
SA7
SA4
SA14
SA13
SA15
SA18
N315
COL
USA300
SA8
SA1
SA6
SA11
SA16
SA9
SA12
SA3
SA5
51
SA10
52
60
54
55
53
56
57
58
59

pvl

Isolate ID

WW
WW
WW
WW
WW
WW
WW
Ref.
Ref.
Ref.
WW
WW
WW
WW
WW
WW
WW
WW
WW
Sedi
WW
Sedi
Sedi
WW
WW
Sedi
Sedi
Sedi
Sedi
Sedi

mecA

Sample Type

Source of the Metals in the Environment
Natural Sources and Human Activities
Arsenic

+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
+
-

+

+

+

+

+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+

+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+

+
+

+
+

+
+

+

+
+
+

+

+
+

WW: Wastewater │Ref.: Reference │Sedi: Sediment
S. A: S. aureus │ S.W: S. warneri │ S. D: S. delphini │ E. F: E. faecalis
119

All Staphylococcus isolates except S. delphini isolates were positive for the
presence of the arsB S. aureus specific gene with E-values equal to zero. The arsB gene of
S. aureus (ID: 3978620) encodes the arsenic efflux pump protein of S. aureus, a
commonality that transcended the CC typing, species, and SNP differences. The E-value
equal to zero means that the presence of this arsB gene in these isolates did not happen by
chance, and that its sequence is well conserved and shared between two staphylococci
species. In addition, two E. faecalis isolates (#57 and #59) were positive for the presence
of this arsB gene with E-values equal to zero, but again isolate #57 is a co-growing isolate.
However, the sediment E. faecalis #59 has clearly adopted the arsB gene from either S.
aureus or S. warneri.
Results of the BLAST analysis between the arsB specific gene of S. aureus and the
arsB specific gene of S. delphini did not show any similarity between these two genes.
Therefore, the presence of arsB S. delphini specific gene in effluent S. warneri isolate #54
and sediment S. aureus isolate #52 is indicative of more gene sharing with S. delphini, with
the potential of utilizing S. warneri as a bridge between S. delphini and the other bacteria.
All isolates in CC5-ST5 were negative for the presence of the additional arsR and
arsC genes. We can see the same pattern for progenitor cell N315, which is CC5-ST5.
However, most S. aureus isolates belonging to CC8 carried the arsC gene specific gene of
S. aureus (ID 45574081), with E-values equal to zero, except for two sediment isolates
(#52 and #60). Isolates #52 and #60 from Veterans Park sediments did not have the arsenate
reductase gene (Gene ID 45574081). These isolates were typed as ST72, a TLV of ST8,
indicative of their evolution away from the standard type. It could be that during evolution
to adapt to the sediment niche, the arsC gene was dropped. For two reference isolates, COL
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and USA300 (CC8-ST8), the presence of the arsC gene was positive (E-values=0) like
other isolates in CC8 and they were negative for the arsR gene.
All isolates belonging to the CC8 group, except one isolate (#60) from the sediment
of Veterans Park, were negative for all of the arsR genes. Isolate (#60) from S. aureus had
the same pattern as two S. warneri isolates for carrying multiple different arsR and arsC
genes. This is suggestive of interactions between the effluent bacteria carrying this gene
and the sediment bacteria.
For the BLAST analysis of arsenic resistant genes, three arsR genes and two arsC
genes were considered. Table 5.22 summarizes the results of the BLAST analysis for
comparing the two specific arsR genes of S. aureus. Also, it presents information for the
comparison of the two arsR genes of S. aureus to the specific arsR gene of E. faecalis. The
DNA of two arsR genes specific to S. aureus with ID 3978622 and ID 45575885 and the
specific arsR gene of E. faecalis with ID 50460660 were considered for this comparison

Table 5.22 E-values for Comparing Nucleotide Sequence of arsR Genes of S. aureus and
the arsR gene of E. faecalis
BLAST Parameter
Comparison Between arsR Genes
E-value
S. aureus (ID3978622)

vs S. aureus (ID45575885)

S. aureus (ID45575885)

vs E. faecalis (ID50460660)

S. aureus (ID3978622)

vs E. faecalis (ID50460660)
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3×10-166
No Significant
Similarity
No Significant
Similarity

As shown in Table 5.22, there are some similarities among two specific arsR genes
of S. aureus. The low E-value (3×10-166) means that this similarity did not occur by chance.
On the other hand, the comparison of two specific arsR genes of S. aureus and the specific
arsR gene of E. faecalis indicates that these genes do not have any similarities in their
nucleotide sequences.
The DNA sequence of two specific arsC genes of S. aureus with ID 45574081 and
ID3978621 and the sequence of the arsC specific gene of S. delphini (ID 45448550) were
compared to each other and results are summarized in Table 5.23.
Table 5.23 E-value for Comparing Nucleotide Sequences of Three arsC Genes
BLAST Parameter
Comparison of the arsC Genes Between
E-value
S. aureus (ID45574081)

vs

S. aureus (ID3978621)

S. aureus (ID45574081)

vs S. delphini (ID45448550)

S. aureus (ID3978621)

vs S. delphini (ID45448550)

No Significant
Similarity
No Significant
Similarity
No Significant
Similarity

The BLAST analysis indicated that the specific arsC gene of S. aureus
(ID45574081) has a different nucleotide sequence from the other arsC gene (ID3978621)
of S. aureus. Also, the sequence of the arsC specific gene of S. delphini did not have any
similarities with two arsC specific genes of S. aureus.
The sediment S. aureus isolate #60 (CC8-ST72, Veterans Park sediment) and two
S. warneri isolates #54 and #55 from fully chlorinated effluent of West Hickman WWTP,
carry the arsR and the arsC specific genes of S. aureus. Isolate #60 and two S. warneri
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isolates (#54 and #55) did not have the arsR resistant gene of E. faecalis but did have the
arsC gene sequence (45574081) of the S. aureus. Again, S. warneri is showing gene
adoption from S. aureus and may be a bridge out from the WWTP effluent into the
receiving streams for these resistance genes. Table 5.24 summarizes the BLAST
parameters for comparing the DNA sequence of isolates #54, #55, and #60 and DNA
sequences of arsR and arsC specific genes of S. aureus.
Table 5.24 E-values for Comparing the DNA of Isolates #54, #55, and #60 with the arsR
and arcC Specific Genes of S. aureus
S. warneri
S. warneri
S. aureus
Genes/ID
#54
#55
#60
arsR S. aureus (ID3978622)

6×10-147

3×10-147

8×10-96

arsR S. aureus (ID45575885)

3×10-145

1×10-145

8×10-91

arsC S. aureus (ID3978621)

3×10-150

2×10-150

0

arsC S. aureus (ID45574081)

No Significant
Similarity

No Significant
Similarity

No
Significant
Similarity

The similarity between two arsR genes with the parts of DNA sequence of S.
warneri isolates is more than for S. aureus isolate #60. To show this evidence, consider the
arsR gene of S. aureus with ID3978622 in Table 5.24, and check the E-values for isolate
#54, #55, and #60. The E-values for S. warneri isolates (#54 and #55) were very small
(6×10-147 and 3×10-147) in comparison with #60 isolate of S. aureus (E=8×10-96). This
means that CoNS S. warneri isolates have the potential to acquire the arsR gene of CoPS
S. aureus and then carry it into the creek receiving WWTP effluent.
Sediment S. aureus isolate (#60) exactly carried one arsC gene (ID3978621) since
the E-values are equal to zero. The two S. warneri isolates (#54 and #55) carried the same
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arsC specific gene of S. aureus (ID 3978621) due to very small E-values (3×10-150 and
2×10-150). Isolate #60 from Veterans Park sediment belongs to CC8- ST72 and did not carry
methicillin resistant gene (mecA). However, as shown in Table 5.21, it carried the arsB, all
arsR, and one arsC specific genes of S. aureus. However, the similarity of the arsR genes
to the DNA in sediment isolates #60 is less that that found in the sewage effluent isolates
of S. warneri.
Table 5.21 shows that the lone, unique S. aureus isolate from sewage SA2 (CC59ST59) carried all types of arsenic resistance genes. However, it was negative for the
presence of mecA and PVL. As shown in Table 5.23, the arsC gene with ID 45574081 was
different from the arsC genes (ID3978621). The BLAST parameters for isolate SA2
indicated that it carried both kinds of arsC genes common in S. aureus and the E-values
are equal to zero as shown in Table 5.25.
Table 5.25 E-values for Comparing arsR, arsB, and arsC Genes in Isolate SA2
SA2 (CC59-ST59) Sewage Isolate
Gene Name

arsR

arsB

arsC

Gene ID

3978622 45575885 3978620 45574081 3978621

E-values

3×10-167

3×10-162

0

0

0

The E-values for arsR genes for SA2 are very small and are suggestive of acquiring these
resistance genes from other staphylococci (either other S. aureus or S. warneri). This full
carriage of multiple arsenic resistance genes highlights how different this S. aureus isolate
is from the others. This suggests that it is likely related to being in a human-impacted
environment since no genes were shed as happens when clinical bacteria are growing in a
less polluted environment.
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The two S. delphini sediment isolates (#53 and 56) were positive for the presence
of the arsB and the arsC specific genes of S. delphini. These genes did not have any
similarities with the arsB and arcC specific genes of S. aureus as shown earlier with the
results of the BLAST analysis.
Two sediment isolates of E. faecalis (#57 and #59) carried the arsB gene of S.
aureus. Isolate #57 is the mixed isolate (mixed genome of S. aureus and E. faecalis) and
isolate #59 was identified as only E. faecalis. The E-values for the carriage of arsB gene
by both isolates were equal to zero based on the BLAST analysis. While it is difficult to
draw any conclusions about the mixed isolate #57, E. faecalis isolates #59 may have
acquired this gene by co-growing in an environment with S. warneri, and the similarity of
the sequence of the arsB gene and parts of the DNA of isolate #59 did not happen by
chance.
In addition, two clean E. faecalis isolates, #58 and #59, carried the arsB and the
arsC genes of S. delphini (E-values =0). So, E. faecalis has been shown to adopt genes
from effluent S. warneri, sediment S. delphini, and potentially S. aureus in either influent
or sediment. This study advances the theory that S. warneri is serving as a bridge between
genes found in S. aureus in the influent and out into the creek sediments.
As mentioned earlier, E. faecalis isolate (#57) was positive for the carriage of
several metal-resistant specific genes of S. aureus. However, it seems that these E. faecalis
isolates did not as readily share their specific genes for arsenic resistance to staphylococcus
species. As shown in Table 5.21, isolates #58 and #59 (E. faecalis) were positive for the
presence of the arsR specific gene of E. faecalis (E-values=0). Again, no sharing of metal
resistance genes was found from E. faecalis bacteria to other staphylococcus species. It
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appears more likely that E. faecalis adopts metal resistance genes from staphylococci, than
vice versa.

Cadmium Resistance Genes in All Isolates
Cadmium is a toxic element for bacteria, and it is not a required element for growth,
like copper (Sochor et al. 2011). Table 5.26 presents the results of the BLAST analysis for
assessing the presence of cadmium resistant genes in all isolates.
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Table 5.26 Presence of Cadmium Resistant Genes in All Isolates

45575879

50462574

50461525

cadA (S.A)

cadA (E.F)

cadA (E.F)

E.faecalis

14484798

S.delphini

cadX (S.A)

S.warneri

17363254

59
5
5
5
5
5
5
5
8
8
8
8
8
8
8
2642
2642
1750
1750
1750
72
72
72

cadD (S.A)

ST-Type

59
5
5
5
5
5
5
5
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

Gene ID
CC-Type

SA2
SA7
SA4
SA14
SA13
SA15
SA18
N315
COL
USA300
SA8
SA1
SA6
SA11
SA16
SA9
SA12
SA3
SA5
51
SA10
52
60
54
55
53
56
57
58
59

pvl

Isolate ID

WW
WW
WW
WW
WW
WW
WW
Ref.
Ref.
Ref.
WW
WW
WW
WW
WW
WW
WW
WW
WW
Sedi
WW
Sedi
Sedi
WW
WW
Sedi
Sedi
Sedi
Sedi
Sedi

mecA

Sample Type

Source of the Metals in the Environment
Human Activities
Cadmium

+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
+
-

+
+
+
+

+
+
+
+

+
+
+

+
+
+

+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+

+
+

+
+
+

+

+

WW: Wastewater │Ref.: Reference │Sedi: Sediment
S.A: S. aureus │ S.W: S. warneri │ S.D: S. delphini │ E.F: E. faecalis
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Table 5.27 summarized the results of the value of the BLAST parameter for
comparing the similarity between two cadA genes specific to E. faecalis and the cadA
specific gene of S. aureus.
Table 5.27 E-values for Comparing Nucleotide Sequences of cadA Genes
BLAST Parameter EComparison of cadA Genes Between
values
E. faecalis (ID50462574) vs E. faecalis (ID50461525) No Significant Similarity
E. faecalis (ID50462574) vs S. aureus (ID45575879)
No Significant Similarity
E. faecalis (ID50461525) vs S. aureus (ID45575879)
No Significant Similarity
As shown in Table 5.27, there is not any similarity in the BLAST E-values between
the two cadA specific genes of E. faecalis (ID50462574 and ID50461525). Also, the
nucleotide of the cadA specific gene of S. aureus did not have any common sequence with
the cadA specific genes of E. faecalis.
The first finding, in Table 5.26 is related to the absence of all cadmium resistant
genes in all three S. aureus reference isolates (N315, COL, and USA300). None of the
reference isolates carried the cadA specific gene of S. aureus or any other cadmiumresistant genes. However, some of the staphylococci and enterococci isolates carried
multiple cadmium-resistant genes. Two S. delphini isolates (#53 and #56) were negative
for the presence of all cadmium-resistant genes. Most of the environmental S. aureus
isolates had a similar pattern for the carriage of the cadD, and cadX and absence of the
cadA genes.
Three out of six isolates of CC5-ST5 carried both the cadD and cadX genes. A
greater acquisition of these two genes was observed in all isolates in CC8-ST8, except one
MSSA influent isolate (SA8:CC8-ST8) and three isolates of ST72 (SA10, #52, and #60).
As shown in Table 5.26, it seems that the presence of these two cadmium-resistant genes
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is more probable in the mecA carrying sewage isolates of the classic CC8-ST8, and SLV
groups of ST8.
A carriage exemption of these genes was shown in three isolates belonging to CC8,
all ST72 (isolates SA10, #52, and #60) TLVs of ST8. All three isolates were negative for
the cadD presence. However, isolate #60 was the only ST72 that carried the cadX gene.
The Asian S. aureus (CC59-ST59), SA2, carried the cadD and cadX genes. Two S.
warneri isolates (#54 and #55) from final chlorinated effluent of sewage samples on two
different days were consistently positive for the presence of cadD and cadX. Table 5.28
summarizes the E-value of the cadD and cadX genes for two S. warneri isolates. All these
E-values are small, which means that these two S. warneri isolates acquired these genes
from S. aureus and the presence of these genes in these two S. warneri isolates did not
happen by chance.
Table 5.28 E-values of Cadmium Resistant Genes in two S. warneri Effluent Isolates
Cadmium Resistance Genes
S. warneri #54 S. warneri #55
cadD S. aureus (ID17363254)

0

0

cadX S. aureus (ID14484798)

3×10-160

1×10-160

Again, as observed for copper and arsenic, the mixed E. faecalis isolate, #57,
carried the cadD and cadX specific genes of S. aureus for cadmium resistance, probably
from the S. aureus co-growth. All three E. faecalis isolates were positive for the cadA
specific genes of E. faecalis, and no trace of these E. faecalis specific genes were found in
any of the other staph isolates. This observation is similar to copper and arsenic resistant
genes of E. faecalis and supports our claim that E. faecalis isolates do not appear to be
readily sharing their specific metal resistance genes with staphylococcus species in sewage
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influent, treatment processes, or receiving stream and sediments. However, the transfer of
S. aureus specific genes to E. faecalis isolates and other staphylococcal species appears to
be very common.
Considering the cadD and cadX genes, only half of ST5 isolates had adopted these
genes for resistance to cadmium in the environment. Isolates typed as ST8 and isolates
belonging to SLV of ST8 (ST1750 and ST2642) carried cadmium resistance genes.
However, three ST72 isolates, a TLV of ST8, did not have cadmium-resistant genes. It
seems that they were less likely to pick up, or carry, cadmium-resistant genes in
comparison with ST8 and ST1750 and ST2642 isolates. However, we need more evidence
to know if these variants are dumping genes and plasmids, which will be explained further
in the plasmid section.
ST72 was the only common sequence type in CC8 group in our sediment samples
that did not carry as many metal resistant genes. It seems that these TLV of ST8 isolates
may be improving their chance of survival in the sediment environment by loss of
accessory genetic materials. With this strategy, ST72 isolates would need less energy for
multiplying in an environment with limited available food, and they could grow faster and
outcompete other staph that continued to carry these genes.
Keeping accessory genes needs extra nutrients. This means that if the bacteria carry
extra genes outside their core genome and chromosome, they need to have adequate food
to support this extra material. However, nutrient acquisition and growth has to be balanced
against survival in toxic situations. The available food in the city park (Veterans Park) is
much less than found in sewage treatment plants. Therefore, dumping extra genes could
help bacteria survive in an environment with less available food. Evolution of different
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variants helps bacterial survival. A lower growth rate for sewage bacterial isolates (not
staphylococcus isolates) in the presence of heavy metals was reported by Raja at al. (2009).
Bacteria need more energy, and as a consequence of that more food, to provide required
energy to carry resistant genes to develop resistance mechanisms to grow in the presence
of heavy metals (Raja et al. 2009).
Our results related to the two S. delphini isolates were in agreement with Varaldo
et al. (1988) findings. As he mentioned, is his study, two identified S. delphini isolates had
different characteristics in comparison with other CoPS (VARALDO et al. 1988). In this
study, the two S. delphini isolates from sediment samples, were not related to three other
S. aureus (CoPS) and two S. warneri (CoNS) in the carriage of resistance genes.

S. warneri Can Bridge Between Sewage and Sediment Isolates
The multiple positive signals of the S. aureus specific genes in S. warneri isolates
suggests potential bridge function of S. warneri isolates from the influent into the
environment. This means that S. aureus isolates share their metal-resistant genes with S.
warneri isolates during wastewater treatment processes. Then, S. warneri isolates with
multiple metal and antibiotic-resistant genes overcome the chlorination process in WWTPs
and they are released into the stream.
In the stream, S. warneri isolates do not appear to thrive, but can share those genes
with bacteria such as S. delphini and E. faecalis. This observation is summarized in Table
5.29. Also, Figure 5.4 presents pathways suggested by these observations of gene transfer.
As shown in Table 5.29, the arsB gene in S. aureus isolates in sewage was transmitted to
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two S. warneri isolates. Then, in E. faecalis (isolate #59), the arsB gene was found in
sediment samples from the creek.
In sediment isolates, S. delphini potentially shares, the csoR, arsB, arsC genes with
S. aureus and E. faecalis isolates. Although S. warneri isolates were found in West
Hickman effluent samples, they also were positive for the presence of S. delphini specific
genes (Table 5.29 and Figure 5.4) showing contact between these organisms somewhere
in the sewage systems. Also, based on our observations, the arsR, arcB, and arsC genes
may be transferred to S. warneri can share with S. aureus isolates in sediment.
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Table 5.29 The Presence of Metal Resistant Genes Related to Developing the Bridge Function of S. warneri Isolates

50460660

3978620

58448551

45574081

3978621

45448550

17363254

14484798

50462574

50461525

arsB (S.A)

arsB (S.D)

arsC (S.A)

arsC (S.A)

arsC (S.D)

cadD (S.A)

cadX (S.A)

cadA (E.F)

cadA (E.F)

+

+

+
+
+
+

+

+

+
+
+
+

+
+
+
+

+
+

+
+

+
+
+

+
+
+
+
+

arsR (E.F)

50460466
copY-TcrY (E.F)

+

45575885

52196579
csoR (S.D)

+
+
+

+
+
+
+
+

arsR (S.A)

14478302
csoR (S.W)

+
+

3978622

45575248
csoR (S.A)
+
+
+
+
+
+
+
+

+
+

+
+

Human Activities
Cadmium

arsR (S.A)

45575708
copZ (S.A)
+
+
+
+
+
+

+
-

SAW-RS04330 (E.F) 50461003

45575876

+
+
+
S.warneri
S.delphini
E.faecalis
-

copB (S.A)

mecA

ST-Type

CC-Type

59 59
8
8
8
8
8 1750
8
72
8
72

Gene ID
SA2
SA1
SA16
51
52
60
54
55
53
56
58
59

pvl

133

WW
WW
WW
Sedi
Sedi
Sedi
WW
WW
Sedi
Sedi
Sedi
Sedi

Isolate ID

Sample Type

Source of the Metal in the Environment
Natural Sources and Human Activities
Natural Sources and Human Activities
Copper
Arsenic

+
+
+
+
+
+
+
+

+
+
+

+
+

+

+
+
+
+
+
+

+
+
+

+

+
+

+
+
+

+
+
+
+

WW: Wastewater │ Sedi: Sediment │S. A: S. aureus │ S.W: S. warneri │ S. D: S. delphini │ E. F: E. faecalis

Figure 5.4 Transfer of Metal-Resistant Genes from Sewage to Sediment Isolates

5.6

Common Antibiotic Resistance Genes
Analysis of antibiotic-resistant genes was conducted for all isolates and results were

summarized in Table 5.30. As shown in this table, all three reference isolates N315(CC5ST5), COL(CC8-ST8), and USA300(CC8-ST8) carried the antibiotic resistant gene, mecA,
related to beta-lactam family of antibiotics. Carriage of mecA gene was 55 percent (11 out
of 20) for the S. aureus isolates in this study, which was lower than the 65 percent reported
in the study by Börjesson et al. (2010).
Resistance genes for the beta lactam group was widespread for S. aureus, but absent
from the other staph species and E. faecalis. In general, the S. aureus isolates carried more
antibiotic resistance genes than the other bacteria, especially S. delphini, which had no
genes found.
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Table 5.30 Antibiotic Resistance Genes and Phenotypes in All Isolates
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WW
WW
WW
WW
WW
WW
WW
Ref.
Ref.
Ref.
WW
WW
WW
WW
WW
WW
WW
WW
WW
Sedi
WW
Sedi
Sedi
WW
WW
Sedi
Sedi
Sedi
Sedi
Sedi

SA2
SA7
SA4
SA14
SA13
SA15
SA18
N315
COL
USA300
SA8
SA1
SA6
SA11
SA16
SA9
SA12
SA3
SA5
51
SA10
52
60
54
55
53
56
57
58
59

TB-Influent
WH-Sedi-Tank
WH-Influent
WH-Influent
TB-Influent
WH-Influent
WH-Effluent
HA-MRSA
HA-MRSA
CA-MRSA
WH-Sedi-Tank
TB- Influent
WH-Influent
WH-Influent
WH-Sedi-Tank
WH-Influent
WH-Influent
TB-Influent
WH-Influent
VP-Sediment
WH-Influent
VP-Sediment
VP-Sediment
WH-Effluent
WH-Effluent
VP-Sediment
WH-Sediment
VP-Sediment
WH-Sediment
WH-Sediment

t437
t688
t002
t002
t002
t002
t002
t002
t008
t008
t6671
t1578
unk
t008
unk
t008
t008
t008
t008
t008
t2703
unk
unk
N/A
S. warneri
N/A
N/A
S. delphini
N/A
t008
E. faecalis N/A
N/A

+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+

+
+

+

+

+

+
+

+
+
+

+
+

+

+

+
+

+
+

+

+

+

+
+

+
+

+
+
+

+

+

# of ARGs

fexA

Chlor***
cat(pC194)

tet(M)

aac(6')-Ii

aac(6')-aph(2'')

ant(9)-Ia

ant(6)-Ia

aph(3')-III

Vga(A)LC

Isa(A)

mphC

msr(C)

Tet**

+

+
+
+
+
+
+
+
+
+
+
+
+
+

msr(A)

59
5
5
5
5
5
5
5
8
8
8
8
8
8
8
2642
2642
1750
1750
1750
72
72
72

erm(C)

59
5
5
5
5
5
5
5
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

spa

erm(A)

ST

blaTEM-210

CC

blaTEM-116

location
mecA

ID

Antibiotic Resistance Genes (ARGs) and Phenotypes
Macrolide
Strep B*
Aminoglycoside

Beta-lactam

blaZ

Type of Sample

Type

1
4
1
5
1
2
1
1
1
1
1
2
2
4
2
2
2
6
5
3
4
3
2
2
1
0
0
2
1
4

*Streptogramin
** Tetracycline
*** Chloramphenicol
WW: Wastewater │ Sedi: Sediment │ Ref.: Reference │ Unk: Unknown │ N/A: Not Applicable
WH: West Hickman │TB: Town Branch │VP: Veterans Park │WH-Sedi-Tank: West Hickman Sedimentation Tank

As shown in Table 5.30, isolates of CC8-ST1750 (SLV) always carried more than
two antibiotic resistance genes for the beta lactams, and more genes for the other classes
of antibiotics. CC8-ST72 (TLV) isolates carried two to four antibiotic resistance genes.
Seven out of 27 isolates (26 percent) were not found to have multi-class antibiotic
resistance genes, but only had a single antibiotic resistance gene in a single class, including
five of S. aureus isolates, one E. faecalis, and one S. warneri. The rest of the 22 isolates
were multidrug-resistant, which means that they carried more than one antibiotic resistance
gene for the different classes of drugs that were investigated. Table 5.31 shows the classes
of drugs related to mono-antibiotic resistance gene isolates.

Type of
Sample

Table 5.31 Characteristics of Mono Antibiotic Resistant Isolates
ID

WW

SA2

WW

SA4

WW

SA8

WW SA13
WW SA18
WW

55

Sedi

58

Location

Type
Bacteria

CC

ST

ARGs

Antibiotic
Phenotype

Town Branch
S. A
59
59
blaZ
Influent
West Hickman
S. A
5
5
blaZ
Influent
ꞵ-lactam
West Hickman
Sedimentation
S. A
8
8
blaZ
Tank
Town Branch
S. A
5
5
erm(A)
Influent
Macrolide
West Hickman
S. A
5
5
erm(A)
Effluent
West Hickman
Streptogramin
S. W
N/A N/A Vga(A)LC
Effluent
B
West Hickman
E. F
N/A N/A
Isa(A)
Macrolide
Sediment
WW: Wastewater │Sedi: Sediment │ N/A: Not Applicable
S. A: S. aureus │ S. W: S. warneri │ E. F: E. faecalis

The five mono-drug resistance gene carriers of S. aureus, SA2, SA4, SA8, SA13,
and SA18, were found in different sections of two WWTPs from the influent to the
136

sedimentation tank and even the effluent. All of them were MSSA and three of them, SA4,
SA13, and SA18, were CC5. Isolate SA2 belongs to CC59-ST59 and SA8 was a single
MSSA isolate in the CC8-ST8 group. The S. warneri isolate #55 was found in West
Hickman fully-treated effluent, and a mono-antibiotic resistance gene carrying E. faecalis
isolate (#58) was found in sediment, downstream of West Hickman WWTP effluent.
Three isolates from fully-treated effluent of West Hickman WWTP, SA18, #54,
and #55, carried two or less antibiotic resistance genes, which shows that although the
treatment processes may have reduced the total number of resistance genes, the processes
did not remove these resistant bacteria, and their remaining resistance genes, before
releasing them into West Hickman Creek. So, even though these isolates (SA18 and #55)
were mono-antibiotic resistant, they carried different antibiotic resistance genes for
multiple classes of drugs into the West Hickman creek environment. This fact combined
with the multi-antibiotic resistant sediment isolates in the environment would appear to
provide opportunities for antibiotic-resistant genes to be spread in the environment. Two
mono-drug resistant isolates, SA13 (TB-Influent) and SA18 (WH-Effluent), belonging to
CC5-ST5 had zero SNP differences based on the results of pairwise comparison as shown
in Figure 5.3 and both carried the same antibiotic-resistant gene, erm(A). This reinforces
our prior findings on the relative unimportance of sewersheds as related to enhanced
prevalence of antibiotic resistance genes.
Three other isolates in the CC5 group, SA7, SA14, and SA15, were multidrugresistant (Table 5.30). Isolate SA7 (the single MRSA isolate in the CC5 group) from the
effluent of the West Hickman sedimentation tank had blaZ and mecA resistance to ꞵ-lactam
groups, erm(c) belonging to the macrolide group, and fexA gene for the chloramphenicol
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antibiotic phenotype. Isolate SA14 from the influent of West Hickman WWTP carried five
antibiotic resistant genes including, blaZ gene for the beta-lactam group, aph(3')-III and
aac(6')-aph(2'') related to the aminoglycoside group, and erm(A) and msr(A) related to the
macrolide group. SA15 found in West Hickman’s influent had the aac(6')-aph(2'') and
erm(A) genes from aminoglycoside and macrolide antibiotic phenotypes, respectively.
Among all isolates in the CC5 group, antibiotic-resistance genes related to the macrolide
group (5 out of 6 isolates) and then beta-lactam group (3 out of six isolates) were
predominant.
All isolates in CC8 group carried the blaZ gene for resistance to the beta-lactam
antibiotic group. Except SA8, the rest of isolates in CC8 group were multi-drug resistant,
as is typical for this community-spreading S. aureus type. Except for three isolates, SA8,
#52, and #60, the rest of isolates in the CC8 group carried the mecA gene for additional
resistance to the beta-lactam antibiotic group and were identified as MRSA. SA8 was the
only MSSA isolate and was found in the effluent from the West Hickman sedimentation
tank. Isolates #52 and #60 were found in sediments of Veterans Park Creek.
Six out of thirteen isolates (46 percent) in the CC8 group carried two antibioticresistance genes. Five of them had the blaZ and mecA genes for the beta-lactam antibiotic
group, and one isolate (#60) had the blaZ and erm(A) genes for the beta-lactam and
macrolide groups. One isolate in CC8-ST8 (SA11) had four different antibiotic-resistance
genes. Also, it seems that isolates in CC8-ST1750 (SLV of ST8) and CC8-ST72 (TLV of
ST8) carried multiple antibiotic resistance genes.
The two S. delphini isolates, one from Veterans Park sediment and the other from
West Hickman Creek sediments downstream of West Hickman WWTP, effluent did not

138

have any antibiotic-resistant genes. The two S. warneri isolates from fully-treated effluent
of West Hickman WWTP carried unique types of antibiotic resistant genes, which were
not shared with S. aureus and E. faecalis isolates. S. warneri isolate #54 had two antibioticresistance genes, Vga(A)LC and erm(C) belonging to the streptogramin B and macrolide
phenotypes, respectively, and isolate #55 just had the Vga(A)LC gene for streptogramin B
antibiotic group. These resistance genes were not carried by other staphylococcus and
enterococcus isolates, and the reason is likely related to their unique plasmids.
All three E. faecalis isolates had the lsa(A) antibiotic resistance gene belonging to
the macrolide group of antibiotics, which was not carried by other isolates. Isolate #57, a
mixed isolate of S. aureus and E. faecalis had the blaZ gene in addition to the Isa(A) gene,
but this is likely from the co-growing S. aureus in this mixed isolate.
E. faecalis isolate #58 carried a single antibiotic resistance gene, lsa(A) from the
macrolide phenotype. Isolate #59 carried four antibiotic resistance genes, aac (6')-Ii,
Isa(A), msr(C), and tet(M), for three classes of antibiotic groups. This isolate was the only
isolate with a tetracycline-resistance gene in all sewage and sediment isolates in this study.

5.7

Plasmid Assessment
The plasmid analysis was performed to check how antibiotic and metal resistance

genes could have been acquired by isolates to see if there were links between their presence
in the bacteria and on specific plasmids.
Plasmids are transferred well in high-density conditions where bacteria can pass the
plasmids through direct contact (conjugation) sending the genetic material through hollow
tubes called pili to each other. In less densely populated conditions, where bacteria are not
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packed close together, other means of transference are more effective, such as
bacteriophage-mediated transduction. So, plasmid analysis can provide information on
how genes may be transferred at certain points in the sewage systems. The results of
plasmid analysis are summarized in Table 5.32. This table represents all plasmids identified
in our isolates.
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Sample
type

Table 5.32 List of Plasmids in All Isolates
ID

CC

ST

WW
WW
WW
WW
WW
WW
WW
Ref.
Ref.
Ref.
WW
WW
WW
WW
WW
WW
WW
WW
WW
Sedi
WW
Sedi
Sedi
WW
WW
Sedi
Sedi
Sedi
Sedi
Sedi

SA2
SA7
SA4
SA14
SA15
SA13
SA18
N315
COL
USA300
SA8
SA1
SA6
SA11
SA16
SA9
SA12
SA3
SA5
51
SA10
52
60
54
55
53
56
57
58
59

59
5
5
5
5
5
5
5
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

59
5
5
5
5
5
5
5
8
8
8
8
8
8
8
2642
2642
1750
1750
1750
72
72
72

Plasmid's Rep #
19 20 5a 10 15 13-a 16 7c 22 5b 13 21 US35 US9 US43
+

+

+
+
+
+

+
+
+

+
+
+
+

+
+
+

+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+

+
+

+

S. warneri

+

+
+
+
+

+
+

+
+

+

S. delphini
+

E.faecalis

+
+

WW: Wastewater │Sedi: Sediment │Ref.: Reference
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Among plasmids related to staphylococcus species and E. faecalis isolates, the
rep7c plasmid was carried by all isolates in CC8 group, two reference isolates (COL and
USA300), and the mixed E. faecalis isolate #57. However, N315 (the reference isolate
from CC5-ST5), all CC5 isolates, the two S. warneri isolates, and the two S. delphini
isolates were negative for the carriage of the rep7c plasmid. Since this plasmid was positive
in isolates of the CC8 group, further investigations were conducted to find what virulence
elements, or resistance genes, could be carried on this plasmid. Results of further
investigations are summarized in Table 5.33 where S. aureus isolates were compared to E.
faecalis to see if a direct transference by rep7c plasmid had occurred between these
different bacteria.
As shown in Table 5.33, the reference isolate COL had the mecA gene and one
virulence gene (splB) on this plasmid. Reference isolate USA300 had mecA and one
virulence gene (aur) on this plasmid. Among thirteen isolates in CC8 group, four of them
(SA1, SA6, SA11, and SA16) harbored the copB gene, copper efflux pump common in
invasive S. aureus, on the rep7c plasmid with the mecA gene. All these four isolates were
typed as CC8-ST8. In CC8-ST8 group only the SA8 (MSSA) isolate, found after West
Hickman sedimentation tank, was negative for the carriage of the copB gene on the rep7c
plasmid as well as for the mecA gene. Among the four isolates with the copB gene on the
rep7c plasmid, three (SA1, SA6, and SA11) of them were found in the influent samples of
WWTPs where the concentration and density of microorganisms is higher in comparison
with fully-treated effluent and sediment samples.
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Virulence Gene on rep7c

ACME on rep7c

copB on rep7c

mecA on rep7c

mecA presence

Location

Date

ST-Type

CC-Type

Isolate ID

Type of sample

Table 5.33 List of Resistance Genes on the Rep7C Plasmid

COL
8
8
+ +
splB
USA300 8
8
+ +
aur
SA8
8
8 02.16.17 WH-ST
aur
SA1
8
8 02.10.17 TB-Influent
+
+
SA6
8
8 02.10.17 WH-Influent
+
+ +
SA11
8
8 02.24.17 WH-Influent
+
+
SA16
8
8 06.26.17 WH-ST
+
+ +
SA9
8 2642 02.24.17 WH-Influent
+
SA12
8 2642 02.24.17 WH-Influent
+
SA3
8 1750 02.10.17 TB-Influent
+
SA5
8 1750 02.10.17 WH-Influent
+
51
8 1750 02.03.19 VP-Sediment
+
SA10
8
72 02.24.17 WH-Influent
+
52
8
72 04.24.19 VP-Sediment
60
8
72 04.24.19 VP-Sediment
57
E. faecalis 04.10.19 VP-Sediment N/A
WW: Wastewater │Sedi: Sediment │Ref.: Reference │ N/A: Not Applicable
VP: Veterans Park │WH-ST: West Hickman Sedimentation Tank
Ref.
Ref.
WW
WW
WW
WW
WW
WW
WW
WW
WW
Sedi
WW
Sedi
Sedi
Sedi

SA16 was collected from the effluent of the sedimentation tank. The presence of
the copB gene on the rep7c plasmid in isolate SA16 could be related to its acquisition in
the activated sludge process where the density of bacteria is high, and the possibility of
plasmid transmission between microorganisms is more likely. However, as MRSA do not
tend to thrive through the treatment plant, it could be that this isolate was just passing
through the system.
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The other isolates in CC8 group, especially the SLV and TLV of ST8, and E.
faecalis isolate #57, did not carry any of the tested resistance genes on the plasmid rep7c
(Table 5.33). Indeed, as shown in Table 5.33, none of this group had anything on the rep7c
plasmid. This showed that other transference methods, such as bacteriophages engaged in
transduction, probably acted as a vehicle for inserting the copB gene in the genome of SA3,
SA5, #60, and #57 isolates. These four S. aureus isolates were positive for the presence of
the copB gene based on the results of copper analysis in the section 5.5.2. However, they
did not carry their copB gene on the rep7c plasmid
The presence of the rep7c plasmid with metal-resistance genes on it was reported
in MRSA252 and MSSA476 isolates previously MRSA252 carried the cadAC and arsBC
genes, while MSSA476 carried the blaZ and cadD genes on the rep7c plasmids (Holden et
al. 2004). However, our observation in this study indicates that the rep7c plasmid in CC8ST8 harbors a copper-resistance gene and some other virulence genes like ACME, but not
on plasmids in the single and triple locus variants of ST8 isolates (ST1750, ST2642, and
ST72).
In addition, the presence of metal resistance genes like copB is more common in
the influent samples. As wastewater is processed through treatment processes, the density
of bacteria is decreased. As a result, the potential of flowing plasmids directly from bacteria
to bacteria in the system is reduced (except perhaps in the sludge). Therefore, in final
sections of sewage treatment plants, where effluent is separated from solids, the
presumptive transmission of resistant genes occurs via bacteriophages. This is important
to understand because operational and engineering design changes in processes must be
matched to the transference method for optimal results in suppressing gene transfer.
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The other commonality among isolates in Table 5.31 is related to the rep19 and
rep20 plasmids. These were common among most S. aureus isolates and, therefore, were
considered for assessing the presence of metal resistance genes as shown in Table 5.34.

Sample
Type

Table 5.34 Investigation of Metal Resistance Genes on Plasmids Rep19 and Rep20
ID

CC

ST Plasmid ID

WW SA2 59 59
rep19
WW SA7 5
5
rep20
WW SA4 5
5
rep20
WW SA14 5
5 rep19&20
WW SA15 5
5
WW SA13 5
5
WW SA18 5
5
WW SA8 8
8
WW SA1 8
8
rep19
WW SA6 8
8
rep19
WW SA11 8
8 rep19&20
WW SA16 8
8
rep19
WW SA9 8 2642
rep20
WW SA12 8 2642
rep20
WW SA3 8 1750 rep19&20
WW SA5 8 1750
rep19
Sedi
51
8 1750
rep19
WW SA10 8
72
rep20
Sedi
52
8
72
Sedi
60
8
72
rep20
WW: Wastewater │Sedi: Sediment

Metal Resistance Genes

BLAST Results

on the Plasmid

cadD

cadX

cadX, cadD, arsR, arsB, arsC
cadX, cadD
cadX, cadD
cadX, cadD

+
+
+
+

+
+
+
+

cadX, cadD
cadX, cadD
cadX, cadD
cadX, cadD
cadX, cadD
cadX, cadD
No Metal Carriage on Plasmid
No Metal Carriage on Plasmid
cadX, cadD

+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+

cadX

+

The assessment in Table 5.34 was started by finding the carriage of rep19 and rep
20 plasmids in our S. aureus isolates. Then, the presence of the cadD and cadX genes on
that specific segment of the DNA was investigated. Then, results were compared with our
previous BLAST analysis for just the gene presence in the bacteria. Results showed that
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the unique S. aureus isolate SA2 (CC59-ST59) carried all cadmium and arsenic resistance
genes on the rep19 plasmid.
All CC5-ST5 isolates carried cadD and cadX on the rep20 and rep19 plasmids.
Eight CC8 isolates, including all four MRSA isolates in CC8-ST8, two CC8-ST2642 and
one isolate in CC8-ST1750, carried their cadmium-resistance genes on the plasmid. The
SLV isolates SA3 and SA5 (CC8-ST1750) did not carry any metal resistance, even though
they had plasmids. These two isolates had plasmids (SA3 had the rep19 and 20 plasmids
and isolate SA5 had the rep19 plasmid), but no genes for cadmium resistance located on
the plasmid. The BLAST analysis showed that both isolates carried the cadD and cadX
genes. However, these two isolates had to have received these genes from other elements
such as bacteriophages as these metal resistance genes were not carried on these plasmids
as they were for the more classic CC8-ST8 isolates.
The two S. delphini and one E. faecalis (#58) isolates did not carry rep7c, rep19, or
rep20 plasmids. This suggests that the presence of multiple metal resistance genes of S.
aureus origin found in S. delphini, and the carriage of metal and antibiotic resistance genes
of S. aureus and S. delphini origin in E. faecalis (#58), likely resulted from bacteriophage
transduction, because sediment biofilms are not as conducive an environment for different
species of bacteria to interact in comparison with sewage due to their immobility in
biofilms. Sediment environments may not have the rich diversity and high density of
microorganisms to favor plasmid transference. Therefore, bacteriophages that carry
resistance genes and can transfer them across longer distances between different bacterial
species and insert random genes directly.
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The mixed E. faecalis isolate, #57, had the rep7c and rep16 plasmids (Table 5.32).
As shown in Table 5.33, isolate #57 did not carry any resistance genes on the rep7c
plasmids. However, the rep16 plasmid in this isolate (#57) harbored blaZ, cadX, and cadD
genes at the same segment of its DNA, which was very likely the S. aureus genetic material
that was co-growing with the enterococci. This suggests that in co-growing bacteria,
located next to each other in biofilm, plasmid transfer with multiple resistance is still
possible. The other E. faecalis isolate (#59) showed one plasmid, the repUS43. It carried
the tet(M) gene on it. Therefore, bacteriophages probably inserted other three antibiotic and
copper, arsenic, and cadmium resistance genes into the genome of this isolate.
The two effluent S. warneri isolates (#54 and #55) carried the rep5b plasmid
harboring their unique antibiotic resistance gene (Vga(a)LC). This plasmid and this
antibiotic were only found in S. warneri isolates. Although both isolates carried the
repUS35 plasmid, only one of them (isolate #54) encoded the cadX and cadD genes on this
plasmid. Isolate #54 encoded its second antibiotic resistance gene, the erm(C) gene, on the
rep10 plasmid. The remaining plasmids (rep13, repUS9) did not carry any resistance
elements in these two isolates. Since previous results showed multiple carriage of metal
resistance genes from other staphylococcus species by S. warneri isolates, it appears that
plasmids were not vectors for those genes into these two isolates. As previous results
indicated, genes from S. aureus (arsB) and from S. delphini (arsC and csoR) were found
in both S. warneri and E. faecalis. Fully-treated effluent does not carry high bacterial load,
but we found S. warneri consistently. Bacteria in the stream and biofilm environment of
sediments do not have close contact with other types of bacteria in order to efficiently
transfer plasmids as they are suspended in a web of extra cellular polysaccharide, or
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absorbed directly to mineral surfaces. S. warneri was not found in biofilms, but did float
freely in the fully-treated effluent with many bacteriophages that are known to survive
disinfection in much greater numbers than other bacteria. This means that multiple
acquisition of metal resistance genes by E. faecalis could have occurred via bacteriophages
from S. warneri isolates. While the transference from S. delphini directly to E. faecalis is
also probable, in the biofilm communities on sediment, unless the bacteria were cogrowing, it is unlikely that plasmid transference was the predominant mechanism.
The last part of the plasmid analysis showed the connection between the presence
of the blaZ, cadD, and cadX genes on the same plasmid. Results of this analysis are
summarized in Table 5.35. Except S. aureus isolates SA3, SA5, and #60, and two S.
warneri isolates (#54, #55), the ten S. aureus isolates and one mixed isolate (#57) carried
the blaZ and cadmium resistance genes simultaneously on the same plasmid. Isolates SA3
and SA5 were positive for the presence of the cadD and cadX genes based on the BLAST
analysis. However, they did not carry cadmium resistance genes on any plasmid.
McCarthy and Lindsay (2012) revealed the association between some plasmids and
several resistance and virulence genes. On their study, the rep19 plasmid carried the blaZ
and cadDX, fusB and arsC genes. In addition, they reported the rep16 plasmid for the
carriage of the blaZ and cadDX genes (McCarthy and Lindsay 2012). Also, the presence
of the blaZ, cadD, and cadX genes in the same plasmid was reported in a MSSA strain
(a53) (Massidda et al. 2006). So, finding carriage of metals genes not on a plasmid, on
bacteria that are evolving away from the typically isolated clinical form, would suggest
that these genes are being transferred without plasmids.
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Sample
Type

Table 5.35 Relationship Between the blaZ and Cadmium Resistance Genes

WW
WW
WW
WW
WW
WW
WW
WW
WW
WW
WW
WW
WW
WW
WW
WW
Sedi
WW
Sedi
Sedi
WW
WW
Sedi

ID

CC

ST

Plasmid ID

Antibiotic Gene

Metal Resistance Genes

on the Plasmid

on the Plasmid

SA2 59
59
rep19
blaZ
SA7
5
5
rep20
blaZ
SA4
5
5
rep20
SA14 5
5
rep19&20 msr(A) & blaZ
SA15 5
5
SA13 5
5
SA18 5
5
SA8
8
8
SA1
8
8
rep19
blaZ
SA6
8
8
rep19
blaZ
SA11 8
8
rep19&20 blaZ & mph(C)
SA16 8
8
rep19
blaZ
SA9
8 2642
rep20
blaZ
SA12 8 2642
rep20
blaZ
SA3
8 1750 rep19&20
msr(A)
SA5
8 1750
rep19
msr(A)
51
8 1750
rep19
blaZ
SA10 8
72
rep20
52
8
72
60
8
72
rep20
54
repU35
S. warneri
55
57 E.faecalis
rep16
blaZ

WW: Wastewater │Sedi: Sediment
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cadX, cadD, arsR, arsB, arsC
cadX, cadD
cadX, cadD
cadX, cadD

cadX, cadD
cadX, cadD
cadX, cadD
cadX, cadD
cadX, cadD
cadX, cadD
No Metal Carriage on Plasmid
No Metal Carriage on Plasmid
cadX, cadD

cadX
cadX, cadD
No Metal Carriage on Plasmid
cadX, cadD

CHAPTER 6. DISCUSSION
The greater prevalence of S. aureus in the suburban part of the city sewershed
rejected one of our first hypotheses, which speculated that there would be greater
prevalence of S. aureus in hospital dominated sewersheds. The reason could be related to
disinfectant products, which are used in hospitals or treatment policies that are applied
before discharging their wastes to the sewage collection system in the city, or any other
chemicals which may have significantly decreased S. aureus signal in urban Town Branch
WWTP.
In addition, S. aureus in the influent samples were isolated in more samples and at
a higher frequency than sedimentation tank samples. Sedimentation tank samples had
higher signal frequency than fully treated effluent, which were in agreement with findings
of decreasing concentration with advancing treatment (Börjesson et al. 2010). Their
detection of MRSA in influent and activated sludge samples was similar to our findings.
Also, Börjesson et al. (2010) reported the detection of SCCmec I and IV, while we found
SCCmec II once and IV multiple times in our study. The higher prevalence of SCCmec IV
in environmental isolates is thought to be related to its smaller size in comparison with
SCCmec I, II, and III.
As we showed in our results, MRSA was detected in influent and sedimentation
tank samples. MSSA was detected in effluent only once, and this finding needs to be
substantiated further before concluding that WWTP effluent is a source of MSSA and
MRSA into the receiving creek environment. However, the prevalence of S. aureus types
with regarding to clonal complexes and sequence types was the same in samples from two
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different WWTPs, while the total number of isolated clones was higher in suburban sewage
samples. This points out the widely spread transmission across the entire town.
Two commonly-identified clonal complexes found in environmental samples
yielding S. aureus isolates were CC8 and CC5, which were both prevalent in sewage
samples. The ST-type of all CC5 isolates was ST5. However, for CC8, three different STtypes were identified, ST8, ST1750 and ST2642 (SLV of ST8), and ST72 (TLV of ST8).
Isolates in the CC8 group carried more metal- and antibiotic-resistant genes in comparison
with isolates in the CC5 group.
The CC5 group in general lacked the carriage of the mecA gene and had fewer metal
resistance genes. The adoption, carriage, and loss of accessory genes is complex. As it
takes more energy and materials to maintain large numbers of accessory genes, their
carriage is only warranted in environments that have the antimicrobial present. It is well
known that CC8 USA300 is now widely community-spread, so its carriage of multiple
resistance genes has to be related to the different stressors found in the environment versus
in hospitals and homes.
Isolates from CC5, a clonal complex commonly associated with USA800 and
spread in hospital settings, lacked many antibiotic and metal resistance genes (extra genes).
This could be reflective of an adaptation to thrive and spread quickly in the hospital and
home environments, with plentiful human hosts. Also, it could reflect a need to grow
quickly to survive the immune system defenses and establish dominance in the niche shared
with other skin bacteria. In hospitals and health care centers, human skin should have only
limited concentrations of metals. Therefore, the carriage of extra genes could slow down
the growth and prevent quick colonization. Hence, minimizing accessory genes would be
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vital to allow for quick growth on skin. However, once washed off the human body and
carried away into sewage, the surrounding condition changes totally. In sewage, with more
dilute foodstuffs and metals and antibiotics in the water matrix surrounding the bacteria,
the utility of extra genes of metals may overshadow a slowed growth rate and the adoption
of resistance genes would be favored.
The one mecA positive CC5 (SA7) that was isolated in this study was isolated from
the sedimentation basin. This means that it could have been resident in the system for quite
some time as compared to the CC5 isolates found in the influent. This CC5 had acquired
the type II mecA, PVL, chloramphenicol, and cadmium resistance accessory genes. The
cadmium genes and antibiotic resistance were found on the same plasmid. Also, it is likely
that with the crowded conditions in activated sludge processes, the plasmid was adopted
by the isolate. This level of accessory genes was high in comparison to the other CC5
isolates and it is thought to be indicative of adaptation to better environmental or
community spread.
The limited numbers of isolates in sediment (eight sediment isolates) limited the
data analysis in this study. Therefore, descriptive analysis of results was provided since
small numbers of isolates did not allow us to do statistical analysis.
The prevalence of CC8 isolates (USA300) was observed in sediment samples from
the creek. This is suggestive of enhanced survival outside of the sewage, which should be
tied to changes in carriage of accessory genes. This creek is located upstream of the
discharge point of West Hickman WWTP effluent, where sewage leaks and overflows were
suspected. Indeed, it was noted that there was a strong smell of sewage when taking
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samples in the creek, and when opening the sample bottles. This could be due to leaks from
the adjacent sewage line, which follows the creek through the park.
The observed ST-types of isolates were the SLV (ST1750) and TLV (ST72) of the
classic ST8 USA300. In sediment samples, no S. aureus with this ST8 USA300 type was
found. This suggests that different variants of ST8 may have been an adaptation for greater
survival in the creek sediment environment or may have just been hardier than the classic
type.
These variants are thought to be evidence of accessory gene acquisition and
shedding to survive in sediment with limited available nutrients and lower metals
concentrations compared to raw sewage. Single and triple variants of ST8, ST1750 and
ST72, may have lost the carriage of antibiotic-resistant genes (mecA) to decrease their
energy requirements for their growth, while acquiring metal resistance genes from S.
delphini to enhance their survival in the metal-containing sediments.
Chlorinated effluent samples of suburban WWTP in Lexington were positive for
MSSA, CC5 only one time, and for S. warneri isolates multiple times. The MSSA isolate
had a single antibiotic-resistant gene without any specific plasmids and is thought to be an
unusual event as it appears that both MSSA and MRSA are removed effectively by
chlorination. The S. warneri effluent isolates were common events and they carried
different metal-resistant genes acquired from both S. aureus and S. delphini isolates and
had antibiotic-resistant genes on their plasmids. Acquiring multiple resistant genes could
have helped S. warneri isolates to survive through different treatment processes, and
chlorination, prior to release into the environment. Carriage of multiple metal-resistant
genes, in addition to antibiotic-resistant genes, in S. warneri effluent isolates suggests the
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potential of this bacteria to become a more virulent pathogen, and to provide resistance
genes to other bacteria.
Although the S. warneri isolates found in this study did not contain pvl or mecA
genes, they acquired more resistant genes from S. aureus sewage isolates. This acquisition
can provide an opportunity for potential evolution for this CoNS and be considered as an
emerging pathogen for public health. S. warneri from baby-care facilities was found to
carry the mecA gene in 11% of isolates, and it is commonly isolated from hands of nurses
in these units (Xu et al. 2018). Therefore, in activated sludge processes, it is thought that
MGEs can be exchanged.
Two S. delphini isolates were found in sediments upstream and downstream of the
West Hickman WWTP outfall. These S. delphini isolates did not carry antibiotic-resistant
genes, nor did they carry any plasmids but they were positive for the carriage of three
metal-resistant genes specific to S. delphini: csoR, arsB, and arsC. In addition, they did not
accept resistant genes from other staphylococcus and the enterococcus isolates in the
environment. However, csoR, arsB, and arsC specific genes were found in other
staphylococcus and enterococcus isolates.
The observed low tendency of S. delphini to exchang resistance genes and plasmids
with other pathogens in this study indicates that S. delphini is not of great concern for being
an emerging antibiotic-resistant pathogen. However, it remains a source of resistance genes
for other bacteria. Lack of antibiotic resistance genes in this current study weakens the idea
of considering S. delphini as an emerging pathogen capable of causing invasive infections
in humans. Thus far, multiple infections have been reported in animals like horses and
pigeons because of S. delphini. However, a 57-years-old woman who had a sick cat has
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recorded in United States (Canver et al. 2019; Gharsa et al. 2015; Magleby et al. 2019).
Also, S. delphini is not a commonly related sewage staphylococcus. Staphylococcus
species found in a WWTP in Spain were dominated by S. aureus (8 isolates) and coagulasenegative staphylococcus (32 isolates) including S. epidermidis (Gómez et al. 2016). As in
our study, S. delphini was not a dominant bacteria in sewage, but our study showed it to be
more common in sediments.
E. faecalis is a common bacterium in human intestines where a lot of nutrients are
available for its growth and survival. The presence of E. faecalis in sediments in the creek,
with its nutrient-limited environment, may be related to its adaptation by acquiring multiple
resistant genes through close interaction, even co-growth, with staphylococci. We found
one single mixed isolate of E. faecalis and S. aureus in sediment upstream of West
Hickman WWTP. This isolate showed that S. aureus and E. faecalis can co-exist in the
environment and in suppressive media. Also, two pure isolates of E. faecalis were found
in sediments downstream of West Hickman WWTP which is not surprising considering
that this organism is a constant presence in sewage and found in waters and beach sands
worldwide (Galler et al. 2018; Rosenberg Goldstein et al. 2014). E. faecalis is not a skin
organism, but an intestinal organism, so the transfer of genes seen in this study shows that
environmental transmission is not only possible, but probable from many different types
of staphylococci. This sharing appears to be preferential, with staphylococci providing
MGEs to a greater extent to enterococci, than the reverse. Our metal analysis showed that
mixed and pure isolates of sediment derived E. faecalis carried some metal-resistant genes
of S. aureus, S. warneri, and S. delphini. However, no observation was recorded for the
carriage of metal-resistant genes of E. faecalis in S. aureus, S. delphini, and S. warneri.
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Antibiotic analysis showed that the mixed isolate carried an antibiotic-resistant gene from
S. aureus on a plasmid related to S. aureus and another antibiotic-resistant gene without
any plasmid. The second antibiotic-resistant gene was found in two other pure isolates of
E. faecalis without any specific related plasmids.
One pure isolate of E. faecalis did not have any plasmids at all and the other one
had a specific plasmid related to E. faecalis for carrying a tetracycline-resistant gene. The
tetracycline-resistant gene was not found in any of the other isolates in this study. These
observations show that in environments where there is co-growth of S. aureus and E.
faecalis, S. aureus can share its metal and antibiotic-resistant genes and plasmids with E.
faecalis. However, E. faecalis does not as readily share its specific genes and plasmids with
S. aureus and other staphylococcus isolates.
Metal, antibiotic, and plasmid analysis showed that plasmid transfer is not the only
way to develop various resistant elements in different bacteria in the environment. Also,
bacteria transmitting plasmids by direct contact (conjugation) in a less dense medium than
sewage is likely not the main way for transferring genes. It seems that they would use other
strategies for adapting to the environment and acquiring required genes that bridge the gaps
between them.
Based on the observations in this research, bacteriophages could be an important
vector for exchanging different genes without direct bacterial contact Haaber et al. (2017)
mentioned this as the main mechanism for transferring MGEs but noted that transferring
antibiotic-resistant genes with bacteriophage is rare (Haaber et al. 2017). However, our
study showed plasmid transmission of both antibiotic-resistant and metal-resistant genes.
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For preventing bacteriophage transmission of multiple metal and antibioticresistant genes from surviving S. warneri at the end of WWTPs into other bacteria in the
stream environment, we recommend:
1- Enhancing the disinfection processes to eliminate hardy, multiple metal- and
antibiotic-resistant bacteria from the effluent;
2- Controlling the concentrations of bacteriophage in the effluent to limit transfer of
MGEs to other bacteria, by enhancing disinfection or other mechanisms that can
inactivate the bacteriophage and prevent them from transferring plasmids.
6.1

Comparison of Results with Other Studies
Human exposures to various antimicrobial resistant bacteria through water, soil,

and air were reviewed by Huijbers et al (2015). They showed antimicrobial-resistant
bacteria (ARB) are circulating in our natural environment and exchanging resistant genes
via multiple interactions (Huijbers et al. 2015). Aquatic environments play a critical role
in the evolutionary pathway of bacteria due to their high capacity for carrying varying
antimicrobial agents and the wide range of bacteria originating from natural ecosystems,
humans, and animals (Baquero et al. 2008; Taylor et al. 2011). Constant exposure of
nonpathogenic bacteria in aquatic ecosystems to antimicrobial agents and elevated levels
of metals, as well as their interactions with introduced pathogenic bacteria with multiple
resistance genes, has resulted in an increase of more virulent and resistant bacteria in the
environment (Taylor et al. 2011).
Our results from water and sediments of Lexington, Kentucky were similar to those
of Schwartz et al. in Mainz, Germany. Based on their investigation on biofilms from
sewage and surface water, they found lower numbers of enterococci in activated sludge
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than in sewage influent (Schwartz et al. 2003). We did not collect samples from activated
sludge, but all samples from influent, sedimentation tank effluent, and final WWTP
effluent were negative for the presence of enterococcus, even though they are regularly
found in sewage. Our extraction method appeared to suppress enterococci in all sewage
samples but not in complex sediment samples.
Schwartz et al. (2003) reported the presence of enterococci in the biofilms of
surface waters which was similar to our detection of three E. faecalis isolates in eluted
biofilm from creek sediments. They concluded that WWTPs reduce bacterial release into
the aquatic environment, and for fecal organisms this appears to be true. However, in our
study, we found that a WWTP releases multi-drug and metal-resistant CoNS dermal
bacteria (S. warneri) and MSSA isolates into the receiving stream in chlorinated effluent
that meets current discharge standards. Our detection of different metal and antibiotic
resistance genes in isolates from sediment samples contrasted with the findings of Schwarts
et al. (2003) that detection of resistance genes in samples from effluent and surface waters
were rare. Their detection of staphylococci just in biofilms of hospital wastewater and
mecA resistant genes in CoNS (S. epidermidis) was also different from our observation.
Isolates of S. aureus did not carry the mecA resistant gene in their study. These results
could have happened due to the use of a limited PCR method, which considers only small
sections of DNA for finding resistance genes. Also, it could be related to an inability to
separate CoNS from CoPS to have pure isolates to probe for genes as these staphylococci
not only share genes, but co-grow. It may be related to the environment and the load of
antimicrobial chemicals in the water systems in Germany (Schwartz et al. 2003).
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Volkmann et al. (2004) reported the presence of the mecA gene only in
staphylococci isolates in clinical wastewater. In our study, the mecA gene was found in S.
aureus isolates from two different WWTPs with differing numbers of hospitals in their
sewersheds. However, we agree with Volkmann et al. (2004) that the direct application of
molecular-biological methods for sewage samples is not an altogether precise method. The
reason is related to false-positive results for MRSA that can occur when bacteria grow
together. This causes a possibility to show the positive signal from co-growing bacteria
(Volkmann et al. 2004).
Staphylococcus species include various opportunistic pathogens, which can be
classified into two big categories: coagulases positive (CoPS) and coagulase negative
(CoNS) staphylococcus. These species are well studied in clinical settings because of
developing different infections in human and animals. Between all of the bacteria in
staphylococcus species, many studies have focused on CoPS S. aureus as a virulent human
and animal pathogen, especially since it has acquired multi-antibiotic resistance and
virulence factors that cause deep skin infections.
The reason that S. aureus has evolved from a normal skin resident to a frank
pathogen is related to its high adaptation potential and tendency for acquiring various metal
and antibiotic-resistant genes. These allow it to persist outside its favorite niches in
different environments. Attention to CoPS and CoNS species beyond S. aureus has been
increasing due to the increase in occurrences of different infections in humans and animals.
An investigation of 26 S. warneri isolates from clinical settings in Italy in 2010 displayed
the development of multi-antibiotic resistance by CoNS species (Campoccia et al. 2010).
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Multiple investigations have assessed the presence of S. aureus in recreational
waters, sands, and WWTPs with different methods. Most studies applied limited PCR and
qPCR methods to identify genes of S. aureus (Börjesson et al. 2010; Börjesson et al. 2009;
Goldstein et al. 2012; Naquin et al. 2014; Shannon et al. 2007; Volkmann et al. 2004). The
effect of wastewater treatment processes in lowering the concentrations of antibioticresistant genes have been documented in several studies, including our investigation. The
only MSSA and two S. warneri isolates from the effluent of West Hickman WWTP carried
antibiotic-resistant genes, but only one S. warneri isolate (isolate #54) had two antibioticresistant genes. However, these two S. warneri isolates carried multiple metal-resistant
genes which has not been discussed by other researchers (Börjesson et al. 2010; Börjesson
et al. 2009; Mao et al. 2015). As metal genes may be shared on plasmids that carry
antibiotic resistance, it would be best if a wider net was cast to identify these instances of
multiple resistance gene transfers on plasmids, rather than focusing on just antibiotic
resistance.
Our findings agree with previous results that the number of detected MRSA
decreased through treatment processes. (Börjesson et al. 2009; Goldstein et al. 2012). The
consistent recovery of the mecA gene from S. aureus isolates from raw and treated sewage
by Naquin et al. (2014) which could be false-negative results. They did not suppress the
common co-growing organism S. epidermidis, which can provide a mecA gene signal
similar to the gene in S. aureus (Naquin et al. 2014). Knowing that S. warneri can also
carry the mecA gene, it is clear that PCR for the mecA gene alone does not have the
specificity to measure MRSA in environment. Suppressive measures to create clean
isolates are needed to properly identify MRSA, and since past studies did not either
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suppress the grow of other staph, or check for the presence of other staph with conserved
genes, the presence of MRSA may well be over-reported and overestimated.
In our study, the two S. warneri effluent isolates and all of S. aureus belonging to
the CC8 group (except three ST72 isolates) had multiple metal and antibiotic-resistant
genes. Carriage of multiple metal and antibiotic-resistant genes by S. aureus and S. warneri
was observed also by Yilmaz et al. (2013) in surface water in the Kizilirmak River, Turkey.
However, in that study, a single S. warneri isolate showed resistance to ten metals and three
S. aureus isolates showed resistance to multiple metals (Yilmaz et al. 2013). This may be
because of different concentrations of metals in the river in their study as there are
pretreatment regulations for industries in America that put metals into sewers. In addition,
in our study, the two S. warneri isolates were resistant to the streptogramin B and macrolide
antibiotic groups, and they did not carry any beta-lactam antibiotic genes, which was also
observed in a single detected S. warneri isolate by Yilmaz (Yilmaz et al. 2013).
Gomez et al. (2012) characterized the staphylococci species in urban sewage
treatment plants in Spain. Although several types of CoNS were detected in their study,
they did not record any S. warneri isolates. Also, the types of S. aureus in their study
included ST398, ST5, ST126, and ST2849, which was not similar to our findings except
for ST5 (Gómez et al. 2016).
The presence of cadmium resistant genes cadD and cadX in MRSA isolates of the
CC8 group in our current investigation differs from the findings of Eggers et al. (2018).
They concluded human exposure to cadmium provides protective effects against MRSA
and MSSA because the MRSA and MSSA they found did not show resistance in the
presence of cadmium for survival. However, their findings showed that lead presence

161

correlated with MRSA prevalence and not MSSA in human body (Eggers et al. 2018). Our
study did not include lead resistance genes, and only looked for the presence of metal
resistance genes, not actual resistance in-vivo. Detection of the gene does not always mean
in-vivo resistance is shown, since expression of the gene is required and this can be a
complex process. Our finding of cadmium resistance genes, especially ones that can be
shared broadly among the staphylococci groups, would suggest that human exposure may
not have a protective effect.
In this study, the two S. delphini sediment isolates did not carry any resistant genes
except the csoR, arsB, and arsC specific genes of S. delphini. Basso et al. (2014) identified
a single S. delphini isolate with penicillin resistance in surface water of a stream located in
urban section with hospitals, schools, restaurants, universities, and homes (Basso et al.
2014). Urban inputs into West Hickman have not been shown to cause antibiotic resistance
in S. delphini, but our sampling was limited.
It would appear that there are similarities and differences in the findings related to
staphylococci in the environment. All of these studies, including this study, have been
limited in location and have had different ways to isolate organisms from the environment.
Since findings are often directly related to the methods applied, it would be interesting to
see if a multi-country study could answer some of the remaining questions about resistance
gene carriage, passage, and prevalence.
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CHAPTER 7. CONCLUSIONS


Clinical-identification methods reliant on insufficiently suppressive media, or
direct PCR analyses with considering only a few select genes, are not directly
applicable, sufficient, and precise enough to investigate the presence and fate of S.
aureus and other staphylococcus species in environmental samples. Complex
environmental samples with differing antimicrobial agents and genes shared
between different microorganisms can cause false-positive results for MRSA. It is
recommended that researchers utilize the specific, unique characteristic of the entire
bacterial genome from clean viable isolates.



The presence and prevalence of environmental species of staphylococcus is not
correlated with the number of hospitals, clinics, and health-care centers in the
sewersheds. Indeed, it seems that staphylococci are being spread widely in the
community and the types of S. aureus are consistent at both WWTPs.



Different staphylococcus species are ubiquitous in the environment and need to be
researched for their part in transmitting MGEs to other bacteria. Focusing only on
methicillin-resistant S. aureus provides time and opportunities for other
staphylococcus species in the environment to evolve and emerge as more virulent,
opportunistic pathogens. Hence, expansive studies with new perspectives are
necessary to consider the presence, fate, and impact of other CoPS and CoNS
species in the environment, especially S. warneri which has shown an ability to
grow and thrive in WWTPs, and be present in the effluent.
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Direct PCR is not an adequate method for assessing the many environmental
species of staphylococcus. The high-level of similarity between genes with similar
functions in different species, as well as the high potential of sharing genes between
isolates in the environment, can cause false-positive results for identification of the
specific bacteria. Also, detection of a few genes does not mean that the bacteria is
still alive, so viable culture is an important part of the process for investigating these
bacteria.



Reduction of the viable numbers of S. aureus with sewage treatment processes in
engineered systems does not solve the environmental spread of the bacteria’s
resistance genes and its virulent factors. The solution for preventing the spread of
MGEs relies on identifying and breaking the bridges between related bacteria,
which do not have to be viable to transfer their bacterial genome to other
environmental species. Disinfection processes must be more effective and remove
bacteria capable of surviving and being released into the receiving streams.



It is clear that bacteria are sharing their metal and antibiotic-resistant genes in the
environment. Blocking the environmental vectors such as bacteriophages are
crucial to control the exchange of resistant genes between bacteria and reduce the
evolution of opportunistic pathogens. Some modifications to treatment to suppress
the bacterial viruses could be beneficial in slowing the adaptation of MGEs.



The exchange of MGEs in sewage can promote changes in the pathogenicity and
the virulence of staphylococcus species, causing them to evolve to more hardy
environmental residents, which could help them to survive after disinfection
processes.
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Considering the S. delphini isolates from sediment in our current study, it can be
concluded that non-human-originated environmental isolates generally carry fewer
plasmids and resistance genes than other staphylococci found in sewage. Also, this
environmental staphylococcus appears to have a unidirectional trade for sharing its
resistant genes with other species of staphylococcus and E. faecalis isolates in the
environment.



E. faecalis readily adopts some of the staphylococcus genes. However, this
bacterium does not appear to share its specific genes as readily with staphylococcus
species.



Synergistic actions are required for improving the public health in our community.
Multiple actions can improve our ability to protect the health of human, animal, and
microbial environments to control the spread of resistant organisms in our
community. As an example, WWTPs need to have a greater focus placed on
preventing the spread of resistance genes from non-gut organisms, instead of just
being controlled to remove classic fecal oral bacteria.
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CHAPTER 8. RECOMMENDATIONS


More investigations, with agreed upon protocols to assure clean, single bacteria
colonies, should be conducted to assess the presence of other staphylococcus
species (CoNS and CoPS) in the sewage treatment plants and at the effluent of the
treatment facilities.



Preparing a gene bank for environmental species of S. aureus and other
staphylococcus is necessary to investigate and compare environmental isolates in
different locations by their whole genome contents.



Multiple studies are required to investigate the profile of metal-resistant genes in
environmental species of staphylococcus to identify the role of different metalresistant genes for developing their adaptation and survival in the environment.



Synergistic study on the antibiotic resistant-genes and metal-resistant genes could
open new perspectives on the relationship of co-developing metal and antibioticresistant genes.



Bacteriophage studies are required in engineered wastewater systems to study the
role of bacteriophage in enhancing the transfer of metal and antibiotic-resistant
genes to other species of staphylococcus and enterococcus.



Multiple inspections should be performed to investigate the pathway of metalresistant genes movement between E. faecalis and S. aureus, both in the lab and at
the WWTP.
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More experimental studies are required to investigate the bridge function of S.
warneri in the engineered wastewater systems and its ability to survive disinfection
processes.



More studies are necessary to discover the possible survival mechanisms by which
isolates in CC8 group adapt to survive better in the environment and if isolates in
the CC5 group actually gain MGEs in the sewage treatment scheme.



Studies on S. delphini isolates are required to investigate further how this
environmental bacterium may develop resistance mechanisms in the environment.
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